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ABSTRACT
R esponses  o f  g r e e n  a s h  ( F r a x in u s  p e n n s y lv a n lc a  M a rsh .)  and 
w a te r  oak ( Q uercus  n i g r a  L . ) to  a n a e r o b ic  r o o t  e n v i ro n m e n ts  were 
i n v e s t i g a t e d .  I n i t i a l l y ,  a n a l y t i c a l  m ethods p u r s u a n t  to  t h i s  
o b j e c t i v e  w ere d e v e lo p e d .  An e x t r a c t i o n  s o l u t i o n  c o n t a in in g  DTT 
( d i t h i o t h r e i t o l )  and s o l u b l e  p o l y v i n y l p y r r o l i d o n e  p roved  b e s t  f o r  oak 
ADH and p r o t e i n  r e c o v e r y ,  w h i le  DTT and i n s o l u b l e  p o l y v i n y l p o l y -  
p y r o l id o n e  were b e s t  f o r  a s h .
A method f o r  th e  c o n t r o l  o f  t h e  s o i l  a tm o sp h ere  s u r ro u n d in g  i n t a c t  
r o o t s  was d e v e lo p e d  to  s tu d y  th e  e f f e c t s  o f  e l e v a t e d  CC^ in  th e  
a n a e r o b ic  s o i l  a tm o sp h ere  of a s h  and oak s e e d l i n g s .  E th a n o l ,  m a la te ,  
ADH, ME (NADP-malic enzym e), CC>2 » and 0  ̂ w i t h i n  th e  r o o t  
sy s te m s  w ere m o n i to r e d .  L i n e a r ,  s t a t i s t i c a l l y  s i g n i f i c a n t ,  i n c r e a s e s  
i n  ADH and ME a c t i v i t i e s ,  and CC^ and e t h a n o l  c o n c e n t r a t i o n s  w ere 
found  i n  a s h  r o o t s .  These r e s u l t s  s u g g e s te d  t h a t  CC^ may 
i n c r e a s e  ME and ADH a c t i v i t i e s  by lo w e r in g  c y to p la s m ic  pH. I n c r e a s e d  
s o i l  C( > 2  r e s u l t e d  i n  h ig h e r  l e v e l s  o f  e t h a n o l  and CC^ i n  th e  
r o o t s  o f  t h e  oak th a n  i n  t h o s e  o f  th e  a sh  -  an  a p p a r e n t  e x p r e s s io n  o f  
a s h ’ s s u p e r i o r  f l o o d  t o l e r a n c e .
A lo n g - t e r m  ( 9 .5  month) f l o o d i n g  e x p e r im e n t  was co n d u c ted  i n  w hich 
t h e  r o o t  g a s  c o m p o s i t io n ,  m a l a t e ,  s o lu b l e  p r o t e i n ,  ADH, s e l e c t e d  
r o o t - c o a t i n g  c o n s t i t u e n t s  and t h e i r  c o r r e s p o n d in g  l e a f  
c o n c e n t r a t i o n s ,  and g ro w th  w ere m o n i to re d  on f lo o d e d  a sh  and oak  
s e e d l i n g s  and d r a in e d  c o n t r o l s .  The a sh  m a in ta in e d  h ig h e r  oxygen and
xv
lo w er  CO2  c o n c e n t r a t i o n s  d u r in g  f lo o d i n g  th a n  th e  l e s s  
f l o o d - t o l e r a n t  s p e c i e s ,  w a te r  o a k .  T h is  was r e f l e c t e d  in  d i f f e r e n c e s  
i n  r o o t  c o a t i n g  c o m p o s i t io n ,  and th e  s u p e r i o r  a b i l i t y  of th e  g re e n  
a s h  to  p r e v e n t  th e  a c c u m u la t io n  o f  p o t e n t i a l l y  p h y to t o x ic  compounds 
i n  th e  l e a v e s .
A f i e l d  s tu d y  was co n d u c ted  i n  w hich a s h  and oak  s e e d l i n g s  were 
t r a n s p l a n t e d  a lo n g  f o u r  BLH (b o t to m la n d  hardwood) t r a n s e c t s  t h a t  
r e p r e s e n t e d  a w ide ra n g e  o f  s o i l - m o i s t u r e ,  f l o o d i n g  reg im es  in  
L o u i s i a n a .  Root c o a t i n g  c o n s t i t u e n t s  and ADH a c t i v i t y  o f  g r e e n  a sh  
s e e d l i n g s  w ere  a s s a y e d  1 .5  y e a r s  a f t e r  t r a n s p l a n t i n g .  Oak m o r t a l i t y  
p r e c lu d e d  a n a l y s i s  o f  t h i s  s p e c i e s .  The d e p o s i t i o n  o f  r o o t - c o a t i n g  
m a t e r i a l s  and ADH a c t i v i t y  w ere  d i s t i n c t l y  d i f f e r e n t  enough from 
s e e d l i n g s  o f  t h e  wet and m esic  s i t e s  to  be u s e f u l  i n  th e  developm ent 
o f  a tw o-g roup  d i s c r i m i n a n t  a n a l y s i s  f u n c t i o n  f o r  s i t e - w e t n e s s  
c l a s s i f i c a t i o n .  The p e r c e n ta g e s  o f  s e e d l i n g s  c o r r e c t l y  grouped  i n t o  






W e tla n d s ,  an  im p o r ta n t  n a t u r a l  r e s o u r c e ,  a r e  v a lu e d  f o r  t h e i r  h ig h  
p r o d u c t i v i t y ,  v i t a l  r o l e  i n  many food  c h a i n s ,  and im p o r ta n c e  i n  
e r o s i o n  c o n t r o l  and r e c r e a t i o n .  D e l i n e a t i n g  th e  b o u n d a r ie s  o f  
w e t l a n d s  i s  c u r r e n t l y  a  p ro b lem . I t  i s  g e n e r a l l y  ag re e d  t h a t  
s e m i-p e rm a n e n t ly  f lo o d e d  swamps a r e  w e t la n d s  and t h a t  w e t la n d s  
p ro b a b ly  ex te n d  i n t o  b o t to m la n d  hardwood (BLH) f o r e s t s .  The q u e s t i o n  
i s ,  how f a r ?  Because  o f  t h e  r e l a t i o n s h i p s  known to  e x i s t  betw een 
w a te r lo g g e d  s o i l  c o n d i t i o n s  and p l a n t  r e s p o n s e s ,  v e g e t a t i o n  can  be 
used  a s  a c r i t e r i o n  i n  d e l i n e a t i n g  t h e  e x t e n t  o f  w e t l a n d s .  The 
c u r r e n t  l e g a l  d e f i n i t i o n  o f  w e t l a n d s  i l l u s t r a t e s  t h i s :
" . . . t h o s e  a r e a s  t h a t  a r e  in u n d a te d  o r  s a t u r a t e d  by s u r f a c e  
o r  g ro u n d w a te r  a t  a f r e q u e n c y  and d u r a t i o n  s u f f i c i e n t  to  
s u p p o r t , a n d  t h a t  u n d e r  norm al c i r c u m s ta n c e s  do s u p p o r t  a 
p r e v a l e n c e  o f  v e g e t a t i o n  t y p i c a l l y  a d a p te d  f o r  l i f e  i n  
s a t u r a t e d  s o i l  c o n d i t i o n s "
( F e d e r a l  R e g i s t e r  V o l.  42 [138] P a r t  3 2 3 ,J u l y  19, 1977 ) .
T h is  d e f i n i t i o n  f u r t h e r  s t i m u l a t e d  an  a l r e a d y  a c t i v e  f i e l d  o f  
s c i e n t i f i c  i n v e s t i g a t i o n .  The q u e s t i o n  o f  how p l a n t s  a d a p t  t o  l i f e  
i n  s a t u r a t e d  s o i l  c o n d i t i o n s  had been  p u rsu e d  by many r e s e a r c h e r s ,  
p a r t i c u l a r l y  th o s e  i n t e r e s t e d  i n  m arsh  p l a n t s  and c e r t a i n  
a g r i c u l t u r a l  s p e c i e s ,  su c h  a s  r i c e ,  grown u n d e r  f lo o d e d  c o n d i t i o n s .
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W ith  th e  deve lopm en t o f  t h e  id e a  o f  w e tla n d  d e l i n e a t i o n  i n  BLH's, th e  
a d a p t a t i o n s  o f  woody s p e c i e s  t o  w a te r lo g g in g  f e l l  u n d e r  g r e a t e r  
s c r u t i n y .  A lthough  th e  changes  i n  f o r e s t  community c o m p o s i t io n  
a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  w a te r lo g g in g  d u r a t i o n  and i n t e n s i t y  
have been  e x t e n s i v e l y  d e s c r i b e d ,  r e l a t i v e l y  l i t t l e  i s  known a b o u t  th e  
a d a p t i v e  r e s p o n s e s  o f  i n d i v i d u a l  BLH s p e c i e s  o r  how t h e s e  c o u ld  be 
r e l a t e d  to  w e t la n d  d e l i n e a t i o n .
S e v e r a l  c o n s t r a i n t s  a r e  u n iq u e  to  th e  s tu d y  o f  f lo o d - a d a p te d  t r e e  
s p e c i e s .  S in c e  r e l a t i v e l y  l i t t l e  p h y s i o l o g i c a l  work has  been done on 
t h e i r  r o o t  s y s te m s ,  t h e  m ethods in v o lv e d  i n  en zy m a tic  a s s a y s  must be 
worked o u t  de novo f o r  p r a c t i c a l l y  e v e ry  s p e c i e s .  T h is  i s  n o t  a 
s im p le  t a s k  b e c a u se  t r e e s  c o n t a i n  l a r g e  q u a n t i t i e s  o f  s eco n d a ry  
compounds, many o f  w hich  a r e  p o te n t  enzyme i n h i b i t o r s .  A d d i t i o n a l l y ,  
t r e e - r o o t  t i s s u e  i s  g e n e r a l l y  much d e n s e r  th a n  t h a t  o f  h e rb a c e o u s  
s p e c i e s  w h ich  makes r o o t - g a s  a n a l y s i s  r e l a t i v e l y  d i f f i c u l t .  W hile i t  
i s  known t h a t  l e n t i c e l s  p la y  a r o l e  i n  r o o t  a r e a t i o n ,  l i t t l e  e l s e  i s  
known r e g a r d i n g  th e  dynam ics o f  CC^ and c o n t e n t  o f  r o o t s  
u n d e r  v a r i o u s  a n a e r o b ic  c o n d i t i o n s .  F i n a l l y ,  th e  r o o t - s o i l  
i n t e r a c t i o n s  o f  f l o o d - t o l e r a n t  BLH s p e c i e s  u n d e r  f i e l d  c o n d i t i o n s  a r e  
v e ry  complex and th e y  have  s im p ly  n o t  been  a d d re s s e d  i n  th e  
l i t e r a t u r e .
T h e r e f o r e ,  my r e s e a r c h  had f o u r  o b j e c t i v e s .  The f i r s t  was to  
o p t im iz e  t h e  b io c h e m ic a l  t e c h n iq u e s  n e c e s s a r y  t o  a n a ly z e  a n a e r o b ic  
m e tab o lism  i n  th e  r o o t  t i s s u e  o f  g re e n  a s h  and w a te r  oak .  The second 
o b j e c t i v e  was to  d e v e lo p  a  sy stem  to  c o n t r o l  s o i l  a tm o s p h e r ic  
c o n d i t i o n s  so  t h a t  r o o t  r e s p o n s e s  und er  c o n t r o l l e d  a n a e r o b ic
c o n d i t i o n s  c o u ld  be m o n i to re d  w i th o u t  i n t e r f e r e n c e  from th e  c h em ica l  
changes  t h a t  accompany s o i l  w a te r l o g g in g .  The t h i r d  o b j e c t i v e  was to  
i n v e s t i g a t e  r o o t  r e s p o n s e s  i n  c o n t r o l l e d  f l o o d e d - s o i l  c o n d i t i o n s .
The f i n a l  o b j e c t i v e  o f  t h i s  s tu d y  was t o  d ev e lo p  a m odel,  b ased  on 
r o o t  r e s p o n s e s ,  t h a t  c o u ld  be r e l a t e d  t o  th e  w e t la n d  d e l i n e a t i o n  




LITERATURE REVIEW: PLANT ADAPTATIONS TO FLOODED SOIL CONDITIONS
P la n t  a d a p t a t i o n s  to  a n a e r o b ic  s o i l  c o n d i t i o n s  have been 
i n t e n s i v e l y  s tu d i e d  due t o  t h e i r  im p o r ta n c e  i n  such  d i v e r s e  f i e l d s  a s  
p l a n t  e c o lo g y ,  agronomy, f o r e s t r y ,  and th e  management and r e g u l a t i o n  
o f  w e t l a n d s .  S e v e r a l  e x t e n s i v e  l i t e r a t u r e  re v ie w s  have r e c e n t l y  been 
p u b l i s h e d  w hich  summarize much o f  th e  p r o g r e s s  i n  t h i s  a r e a  ( e . g .  s ee  
C raw fo rd ,  1978a; 1982; 1983; Hook, 1984a; 1984b; K o z lo w sk i ,  1984; 
W hitlow  and H a r r i s ,  1 9 7 9 ) .  The p u rp o se  o f  t h i s  re v ie w  i s  t o  p ro v id e  
background  in f o r m a t io n  f o r  th e  i n v e s t i g a t i o n s  r e p o r t e d  i n  t h i s  
d i s s e r t a t i o n .
P l a n t  a d a p t a t i o n s  t o  f l o o d i n g  a r e  d i f f i c u l t  t o  d i s c u s s  i n d i v i d u a l l y  
b e c a u se  i t  i s  t h e i r  i n t e g r a t e d  e f f e c t  t h a t  d e te rm in e s  f lo o d  t o l e r a n c e  
(Hook and Brown, 1 9 7 3 ) .  N e v e r t h e l e s s ,  s e v e r a l  a s p e c t s  have r e c e iv e d  
s u f f i c i e n t  a t t e n t i o n  i n  t h e  l i t e r a t u r e  to  w a r r a n t  s e p a r a t i o n  i n  th e  
f o l lo w in g  d i s c u s s i o n .  T h is  i s  f o r  th e  sake  o f  c o n v en ien ce  o n ly ,  and 
i s  n o t  meant t o  im ply  t h a t  th e y  a r e  i n  some s e n s e  s e p a r a t e  from each  
o t h e r  i n  n a t u r e .  F o r  exam ple ,  t h e  d e g re e  o f  r o o t  a e r a t i o n  w i l l  
d e te rm in e  th e  r a t e  o f  a e r o b i c  r e s p i r a t i o n ,  and th e  d e g re e  t o  w hich  
red u ce d  p h y to x in s  a r e  d e t o x i f i e d ;  and t h i s  w i l l  a f f e c t  th e  v i g o r  of 
th e  r o o t  sy s tem  and i t s  a e r a t i o n  e f f e c t i v e n e s s .
T h is  p a r t i c u l a r  syndrome h a s  been  compared t o  a p o s i t i v e  f e e d - b a c k  
loop  by Howes e t  a l .  ( 1 9 8 1 ) .  I t  i l l u s t r a t e s  th e  c o m p le x i ty  o f  th e  
i n t e r a c t i o n s  among th e  p l a n t  r e s p o n s e s  th e m s e lv e s ,  and betw een th e  
v a r i o u s  a s p e c t s  o f  th e  a n a e r o b ic  r o o t  e n v iro n m e n t .  The main f e a t u r e s
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o f  t h i s  model a r e  a s  f o l l o w s .  The v i g o r  and p r o d u c t i v i t y  o f  S p a r t i n a  
a l t e r n i f l o r a  a r e  p o s i t i v e l y  c o r r e l a t e d  w i th  th e  s u b s t r a t e  red o x  
p o t e n t i a l  due to  i t s  i n t e r a c t i o n  w i th  r o o t  a e r a t i o n  ( L i n t h u r s t ,  1979; 
1980; M endelssohn  and S en eca ,  1980; M endelssohn e t  a l . , 1981) 
b e c a u s e :  1) th e  low er re d o x  l e v e l s  r e p r e s e n t  an  0^ s i n k  w hich 
o v e r t a x e s  th e  p l a n t ' s  a e r a t i o n  sy s te m , and 2) p h y to to x in s  accu m u la te  
t o  such  a l e v e l  t h a t  th e  r o o t s '  o x i d i z in g  power can no lo n g e r  
a d e q u a te ly  a m e l io r a t e  them (T e a l  and K an w ish e r ,  1961; Ponnamperuma, 
1965; C a r l s o n ,  1980; M endelssohn  e t  a l . , 1981 ) .  As th e  0£ demand 
s u p e r s e d e s  s u p p ly  th e  r o o t s  m ust r e l y  more h e a v i l y  on a n a e r o b ic  
r e s p i r a t o n  and th e  v i g o r  o f  th e  p l a n t  i s  a d v e r s e l y  a f f e c t e d ,  and t h i s  
l e s s e n s  i t s  c a p a c i t y  to  o x i d i z e  th e  r h i z o s p h e r e  ( J o s h i  e t  a l . , 1973; 
1975).
ROOT AERATION
Oxygen from  abo v e-g ro u n d  o rg a n s  may i n  some c a s e s  be s u f f i c i e n t  
f o r  a e r o b i c  r e s p i r a t i o n  o f  f lo o d e d  r o o t s .  T h is  i s  th e  most e f f i c i e n t  
a d a p t a t i o n  i n  te rm s  o f  e n e rg y  p r o d u c t io n  b e ca u se  a e r o b i c  r e s p i r a t i o n  
n e t s  36 m oles  o f  ATP ( a d e n o s in e  t r i p h o s p h a t e )  p e r  mole of g lu c o s e  a s  
compared to  th e  two ATP's y i e l d e d  by l a c t i c  a c i d  o r  a l c o h o l  
f e r m e n t a t i o n  (L e h n in g e r ,  1 9 7 5 ) .  I t  i s  t h e r e f o r e  n o t  s u r p r i s i n g  t h a t  
one m a jo r  s c h o o l  o f  th o u g h t  c o n te n d s  t h a t  t h e  most im p o r ta n t  
d e te r m in a n t  o f  f lo o d  t o l e r a n c e  i s  th e  a b i l i t y  o f  a p l a n t  t o  a e r a t e  
th e  r o o t s  u n d e r  f lo o d e d  c o n d i t i o n s .  One of th e  most w e l l  known 
w o rk e rs  a s s o c i a t e d  w i th  t h i s  p h i lo s o p h y  i s  W. A rm strong . He s t a t e d ,
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"The r e l i a n c e  on a e r o b i c  r e s p i r a t i o n  f o r  g row th  and 
th e  perm anency o f  th e  a n o x ic  s o i l  en v iro n m e n ts  c l e a r l y  
d e m o n s t r a te s  t h e  need  f o r  some form o f  v e n t i l a t i o n  i n  
submerged p l a n t  o rg a n s ;  th e  p re s e n c e  o f  p h y to t o x i n s ,  
many o f  w hich  can  be re n d e re d  h a rm le s s  by d i r e c t  
o x i d a t i o n  o r  b i o l o g i c a l  d e s t r u c t i o n ,  a l s o  i n d i c a t e s  th e  
d e s i r a b i l i t y  f o r  v e n t i l a t i o n  (A rm stro n g ,  1978 p . 2 7 0 ) . "
The im p o r ta n c e  o f  a e r a t i o n  i s  s u g g e s te d  by th e  f a c t  t h a t  d i f f u s i o n
c h a r a c t e r i s t i c s  o f  r o o t s  have p ro v en  to  be q u a l i t a t i v e  p r e d i c t o r s  of
f lo o d  t o l e r a n c e  i n  c e r t a i n  c a s e s .  J e n s e n  e t  a l .  (1967) m easured  th e
O2  r o o t  p e r m e a b i l i t y  and d i f f u s i o n  r a t e s  o f  i n t a c t  Hordeum
18v u l g a r e ,  O r iz a  s a t i v a ,  and Zea mays p l a n t s  u s in g  0 a n a l y s i s  by 
mass s p e c t r o p h o to m e t r y .  From t h e i r  d e t e r m in a t io n s  o f  l o n g i t u d i n a l  
d i f f u s i o n a l  c o e f f i c i e n t s  and s u r f a c e  p e r m e a b i l i t y  of 0  ̂ i n  th e s e  
t h r e e  s p e c i e s ,  th e y  d e v e lo p ed  a model to  p r e d i c t  th e  p a r t i a l  p r e s s u r e  
o f  C> 2  a s  a f u n c t i o n  o f  d i s t a n c e  a lo n g  th e  r o o t .  T h e i r  
p r e d i c t i o n s  w ere i n  ag reem en t w i th  t h e  known r e l a t i v e  t o l e r a n c e s  t o  
a n a e r o b i o s i s  of t h e s e  s p e c i e s :  0 .  s a t i v a  > Z. mays > H. v u l g a r e .
I n t e r c e l l u l a r  S paces
Oxygen movement w i t h i n  p l a n t s  i s  d ep en d e n t upon t i s s u e  h av in g  th e  
p r o p e r t y  o f  r e l a t i v e l y  low d i f f u s i v e  r e s i s t a n c e  to  g ase o u s  d i f f u s i o n .  
Aerenchyma i s  th e  most th o ro u g h ly  s t u d i e d  t i s s u e  h av in g  t h i s  
p r o p e r t y ,  a l th o u g h  i t  i s  n o t  t h e  o n ly  one .  Aerenchyma i s  d e f in e d  a s ,  
"Parenchym a t i s s u e  c o n t a in in g  p a r t i c u l a r l y  l a r g e  i n t e r c e l l u l a r  s p a c e s
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of s c h iz o g e n o u s ,  l y s i g e n o u s ,  o r  r h e x ig e n o u s  o r i g i n  (E sa u ,  1977 p . 
5 0 1 ) .
Aerenchyma has  lo n g  been  r e c o g n iz e d  a s  an  im p o r ta n t  a d a p t a t i o n  to  
a n a e r o b ic  e n v i ro n m e n ts .  I n  1921 Dunn d e m o n s t ra te d  t h a t  aerenchyma 
fo r m a t io n  c o u ld  be in d u c ed  i n  th e  r o o t s  of Zea mays and T r i t i c u ra  
a e s t iv u m  upon e x p o s u re  t o  a n a e r o b ic  c o n d i to n s .  T e a l  and K anw isher  
(1966) r e p o r t e d  t h a t  S p a r t i n a  a l t e r n i f l o r a  had c o n t in u o u s  aerenchym a 
from  th e  l e a v e s  t o  t h e  r o o t  t i p s ,  and t h a t  th e  aerenchym a w as ,  " . . .  
s u f f i c i e n t  t o  s u p p ly  t h e  a e r o b i c  r e s p i r a t o r y  n eed s  o f  th e  r o o t s  a s  
w e l l  a s  t o  a e r a t e  a p p r e c i a b l y  th e  red u c e d  mud i t s e l f  (T e a l  and 
K a n w ish e r ,  1966 p .  3 5 5 ) . "  However, t h i s  c la im  has  s in c e  been  
somewhat q u a l i f i e d  b e c a u se  S p a r t i n a  a l t e r n i f l o r a  must r e l y  on 
a n a e r o b ic  r e s p i r a t i o n  u n d e r  e x t re m e ly  r e d u c in g  s o i l  c o n d i t i o n s  
(M endelssohn  e t  a l . , 19 8 1 ) .  W il l ia m s  and B a rb e r  (1961) a l s o  
c o n s id e r e d  aerenchym a to  be i n  e x c e s s  of th e  amount needed  f o r  
r e s p i r a t i o n  and p ro p o sed  th e  m e c h a n ic a l-c u m -m e ta b o l ic  t h e o r y :  
aerenchym a was a d a p t iv e  m a in ly  i n  d e c r e a s i n g  th e  demand and 
making th e  most e f f i c i e n t  u se  o f  t i s s u e  f o r  s t r u c t u r a l  s u p p o r t .  They 
a l s o  s u g g e s te d  t h a t  bouyancy and g as  r e s e r v o i r  sp a c e  w ere  a d d i t i o n a l  
r o l e s .  A rm strong (1972 )  p o in t e d  o u t  t h a t  w h i le  t h i s  th e o ry  was n o t  
n e c e s s a r i l y  i n v a l i d ,  aerenchym a was n o t  l i k e l y  t o  be p r e s e n t  i n  
e x c e s s  b e c a u se  r h i z o s p h e r e  o x i d a t i o n  r e p r e s e n t e d  an  im p o r ta n t  
a d a p t a t i o n  and 0^ s i n k .
A lthough  th e  te rm  "aerenchym a" i s  som etim es u sed  i n  c o n j u n c t io n  
w i th  woody s p e c i e s  ( e . g .  P e r e i r a  and K o z lo w sk i ,  19 7 7 ) ,  t h e i r  
i n t e r c e l l u l a r  s p a c e s  a r e  u s u a l l y  much l e s s  w e l l - d e f i n e d  th a n  th o s e  of
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h e rb a c e o u s  s p e c i e s  (Hook and S c h o l t e n s ,  1978) and th e  te rra  i s  u s u a l l y  
av o id e d  i n  t h i s  c o n n e c t io n ,  p resu m ab ly  i n  d e f e r e n c e  t o  th e  
" p a r t i c u l a r l y  l a r g e "  c r i t e r i o n  o f  t h e  d e f i n i t i o n  c i t e d  above (E sa u ,  
1 977 ) .  Two n o t a b l e  e x c e p t io n s  a r e  mangrove (S c h o la n d e r  e t  a l . , 1955) 
and some s p e c i e s  o f  S a l i x  (M a k a re v ic ,  1956 ) .
N e v e r t h e l e s s ,  t h e  a b i l i t y  t o  a e r a t e  r o o t  sy s tem s  w i th  oxygen 
s u p p l i e d  from em ergen t o rg a n s  th ro u g h  l e n t i c e l s ,  a e r a t i o n  v i a  
i n t e r c e l l u l a r  s p a c e s ,  and a d v e n t i t i o u s  r o o t s  i s  g e n e r a l l y  th o u g h t  to  
be o f  c o n s id e r a b l e  a d a p t i v e  im p o r ta n c e  t o  woody s p e c i e s  un d er  f lo o d e d  
s o i l  c o n d i t i o n s .  F lo o d in g  u s u a l l y  in d u c e s  t h e s e  f e a t u r e s  i n  woody 
f l o o d - t o l e r a n t  s p e c i e s ,  b u t  n o t  i n  f l o o d - i n t o l e r a n t  s p e c i e s .  T h is  
p r o c e s s  h as  been  d e s c r ib e d  f o r  s e v e r a l  f l o o d - t o l e r a n t  t r e e  s p e c i e s :  
F r a x in u s  p e n n s y lv a n ic a  M arsh . (Sena  Gomes and K o z lo w sk i ,  1 9 8 0 ) ,  S a l i x  
n i g r a ,  Ulmus a m e r ic a n a ,  P o pu lus  d e l t o i d e s  ( P e r e i r a  and K o z lo w sk i,  
1 9 7 7 ) ,  Nyssa s y l v a t i c a  v a r .  b i f l o r a ,  and N yssa a q u a t i c a  (Hook e t  a l . , 
1 9 7 0 ) .  Not o n ly  i s  t h i s  th o u g h t  t o  be im p o r ta n t  b e c a u se  o f  th e  need 
f o r  e f f e c t i v e  oxygen s u p p ly ,  b u t  C h irkova  and Gutman (1972) have 
d e m o n s t ra te d  t h a t  p o t e n t i a l l y  t o x i c  s u b s t a n c e s  such  a s  e t h a n o l ,  
a c e t a l d e h y d e , and e t h y l e n e  can  d i f f u s e  o u t  o f  l e n t i c e l s .
Hook e t  a l .  (1971) compared th e  a n a t o m ic a l ,  m o rp h o lo g ic a l  and 
p h y s i o l o g i c a l  r e s p o n s e s  o f  N yssa s y l v a t i c a  v a r .  b i f l o r a  s e e d l i n g s  
t h a t  had been  s u b je c t e d  to  a n a e r o b ic  c o n d i t i o n s  i n  th e  r o o t  
en v iro n m en t w i th  some t h a t  had been  grown u n d e r  a e r o b i c  c o n d i t i o n s .  
They found  t h a t  t h e  s e e d l i n g s  s u b j e c t e d  to  a n a e r o b ic  c o n d i t i o n s  
re sp o n d ed  by d e v e lo p in g  new r o o t s  w hich  o r i g i n a t e d  m a in ly  from  th e  
t a p  r o o t .  T h is  deve lopm en t was accom panied  by th e  d e t e r i o r a t o n  of
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th e  o r i g i n a l  s e c o n d a ry  r o o t  sy s te m .  The new r o o t s  had v e r y  l i t t l e  
s u b e r i z a t i o n ,  t h e i r  endoderm is  was c h a r a c t e r i z e d  by a l e s s  d e f in e d  
C a s p a r ia n  s t r i p ,  and th e y  w ere  much more s u c c u le n t  a s  compared w i th  
t h e i r  b e t t e r - d r a i n e d  c o u n t e r p a r t s .  The main f u n c t i o n a l  d i f f e r e n c e  in  
th e  new r o o t s  was t h a t  th e y  w ere  a b l e  t o  o x i d i z e  t h e i r  r h i z o s p h e r e s  
i n  a  s o l u t i o n  o f  red u ce d  in d i g o  ca rm in e  dye w h i le  t h e  n o n - f lo o d  
a c c l i m a t i z e d  r o o t s  w ere  n o t .  P a r a d o x i c a l l y ,  r h i z o s p h e r e  o x id a to n  
o c c u r r e d  s im u l t a n e o u s ly  w i th  a n a e r o b ic  r e s p i r a t o n .
Hook and h i s  c o -w o rk e rs  a l s o  d e m o n s t r a te d  t h a t  a p a r r a f f i n - l a n o l i n  
c o a t in g  on t h e  s tem s of t h e  p r e v i o u s l y  f lo o d e d  s e e d l i n g s  p re v e n te d  
t h i s  o x i d a t i o n  p r o c e s s  and th e y  deduced  from  t h i s  t h a t  th e  0^ 
e n t e r e d  th ro u g h  th e  s tem  l e n t i c e l s ,  and t h a t  th e  l e a v e s  made no 
d i s c e r n a b l e  c o n t r i b u t i o n .  A rm strong (1968 )  found  t h a t  i n  f o u r  
f l o o d - t o l e r a n t  woody s p e c i e s ;  M yrica  g a l e  L . , S a l i x  a t r o c i n e r e a  
B r o t . , S a l i x  f r a g i l i s  L . , and S a l i x  r e p e n s  L . ; oxygen s u p p l i e d  from 
th e  s tem  l e n t i c e l s  -  n o t  t h e  l e a v e s  -  was r e s p o n s i b l e  f o r  r h i z o s p h e r e  
o x i d a t i o n .
A d v e n t i t i o u s  r o o t s  a r e  th o u g h t  t o  be v e r y  im p o r ta n t  u n d e r  f lo o d e d  
c o n d i t i o n s  b e c a u s e :  1) th e y  a p p a r e n t l y  enhance  C> 2  t r a n s p o r t  (Sena 
Gomes and K o z lo w s k i ,  1 9 8 0 ) ,  2) can  t o l e r a t e  h ig h  l e v e l s  o f  CO2  
(Hook e t  a l . , 1 9 7 1 ) ,  and 3) e f f i c i e n t l y  a b s o r b  w a te r  (Sena Gomes and 
K o z lo w sk i ,  19 8 0 ) .  A ls o ,  th e y  a r e  u s u a l l y  found  i n  g r e a t e s t  abundance 
n e a r  t h e  s o i l  s u r f a c e  w hich  i s  w here O2  c o n t e n t  i s  h i g h e s t  and 
p h y to t o x in s  a r e  lo w e s t  ( P a t r i c k  and D e lau n e ,  1972).
The im p o r ta n c e  o f  r o o t  a e r a t i o n  and a d v e n t i t i o u s  r o o t s  i n  
d e t e r m in in g  f l o o d - t o l e r a n c e  h a s  been  d i s p u t e d ,  how ever. G i l l  (1975)
page 12
removed th e  a d v e n t i t i o u s  r o o t s  t h a t  form ed on f lo o d e d  A lnus g l u t i n o s a  
( L . )  G a e r tn .  A lthough  t h i s  t r e a tm e n t  d id  r e s u l t  i n  a s i g n i f i c a n t  
i n c r e a s e  i n  a d v e n t i t i o u s  r o o t  p r o d u c t i o n ,  t h e r e  was o n ly  a m a r g in a l ly  
s i g n i f i c a n t  and te m p o ra ry  d e c r e a s e  i n  l e a f  p r o d u c t i o n ,  w i th  no 
e v i d e n t  change  i n  l e a f  d i f f u s i v e  r e s i s t a n c e .  T h is  l e d  him to  dou b t 
th e  p u t a t i v e  a d a p t i v e  v a l u e  o f  f l o o d - i n d u c e d ,  a d v e n t i t i o u s  r o o t s  i n  
t h i s  s p e c i e s .
A r e c e n t  s tu d y  by T r i p e p i  and M i t c h e l l  (1984b) i n d i c a t e d  t h a t  
n e i t h e r  a d v e n t i t i o u s  r o o t s  n o r  l e n t i c e l s  a r e  o f  p r im a ry  s i g n i f i c a n c e  
i n  d e t e r m in in g  f l o o d - t o l e r a n c e .  They compared f o u r  t r e e  s p e c i e s :  a 
f l o o d - t o l e r a n t  s p e c i e s  w i th  one l e s s  t o l e r a n t  from  two g e n e r a .  The 
f l o o d - t o l e r a n t  s p e c i e s  w ere  B e tu la  n i g r a  L. and A cer rubrum L . , and 
t h e i r  l e s s  t o l e r a n t  c o u n t e r p a r t s  w ere B. p e n d u la  R oth  and Acer 
saccharum  M arsh . E x p e r im e n ta l  f l o o d i n g  induced  h y p e r t r o p h ie d  
l e n t i c e l s  i n  t h e  A^ rubrum  and a d v e n t i t i o u s  r o o t  f o r m a t io n  on b o th  
f l o o d - t o l e r a n t  s p e c i e s .  H owever, when th e  b a s a l  14 cm o f  th e  s tem s 
w ere  s e a l e d  so a s  t o  e x c lu d e  oxygen , t h e  r o o t  r e s p i r a t o n  c a p a c i t y  was 
n o t  f u r t h e r  d e p re s s e d  i n  any  of th e  f o u r  s p e c i e s .  They s u g g e s te d  
t h a t  th e  a b i l i t y  t o  u t i l i z e  a n a e r o b ic  r e s p i r a t i o n  p ro b a b ly  p la y s  a 
p r im a ry  r o l e  i n  f lo o d  t o l e r a n c e ,  w h i le  r o o t  a e r a t i o n  p la y s  a 
s e c o n d a ry  r o l e  such  a s  o x i d a t i o n  of red u ce d  p h y t o t o x i n s .
E th y le n e
E ndogenously  p roduced  e t h y l e n e  p la y s  an  e s s e n t i a l  r o l e  i n  th e  
in d u c t i o n  o f  aerenchym a f o r m a t io n .  I n  1955 Turkova r e p o r t e d  t h a t  th e  
e f f e c t s  o f  f l o o d i n g  on tom ato  p l a n t s  w ere  v e ry  s i m i l a r  t o  th o s e  of
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e th y le n e  t r e a t m e n t .  T h is  hormone h as  s u b s e q u e n t ly  been  s tu d ie d  
i n t e n s i v e l y  i n  f l o o d i n g  e x p e r im e n t s .  I n  1972 Kawase found t h a t  
submerged c u t t i n g s  o f  h e rb a c e o u s  and woody s p e c i e s  accum ula ted  
e th y le n e  a s  a r e s u l t  of i t s  lo w er  s o l u b i l i t y  i n  w a te r  th a n  i n  a i r  
( 1 : 1 . 7  x 10 ■*). Kawase (1974) n o te d  t h a t  e t h y l e n e  a p p a r e n t l y  
in d u c e d  th e  fo rm a to n  o f aerenchym a and s e v e r a l  o t h e r  f l o o d i n g  
symptoms: h y p o c o ty l  h y p e r t r o p h y ,  a d v e n t i t i o u s  r o o t  f o r m a t io n ,  
e p i n a s t y ,  and c h l o r o p h y l l  breakdow n. He l a t e r  r e p o r t e d  (Kawase,
1979) t h a t  e th y l e n e  s t i m u l a t e d  c e l l u l a s e  a c t i v i t y ,  and t h a t  
aerenchym a deve lopm en t c o u ld  be induced  i n  d e ta c h e d  stem  s e c t i o n s  
w i th  e x o g en o u s ly  a p p l i e d  c e l l u l a s e .  L a t e r ,  t h e  e f f e c t s  o f  exogenous 
e th y le n e  on c e l l u l a s e  a c t i v i y  and aerenchym a deve lopm ent was 
m o n i to re d  i n  t h r e e  h e rb a c e o u s  s p e c i e s  (Kawase, 1981 ) .  C e l l u l a s e  
a c t i v i t y  in c r e a s e d  i n  each  s p e c i e s  a s  a r e s u l t  o f  e t h y le n e  t r e a t m e n t ,  
and th e  m agn itude  o f  t h e  r e s p o n s e  v a r i e d  a c c o r d in g  to  age  and 
s p e c i e s .  The i n c r e a s e  i n  c e l l u l a s e  a c t i v i t y  was accom panied  by 
ly s ig e n o u s  aerenchym a deve lopm en t and was s u p p re s s e d  by AgNO^, an  
e t h y le n e  a n t a g o n i s t .  Based on t h e s e  f i n d i n g s  Kawase (1981) p roposed  
t h a t  f lo o d n g  cau sed  an i n t e r n a l  p ro d u c to n  o f  e t h y l e n e ,  w hich  
s t i m u l a t e d  h ig h e r  c e l l u l a s e  a c t i v i t y ,  w hich i n  t u r n  r e s u l t e d  i n  
aerenchym a d e v e lo p m en t .  The p r o d u c t i o n  o f  1 -a m in o cy c lo p ro p an e  
1 - c a r b o x y l i c  a c i d  by th e  r o o t  t i s s u e  u n d e r  a n a e r o b ic  c o n d i t i o n s  i s  
th o u g h t  t o  t r i g g e r  s y n t h e s i s  o f  endogenous e t h y l e n e  (Yang, 1980).
I n  woody s p e c i e s ,  f lo o d - i n d u c e d ,  e l e v a t e d  r a t e s  o f  e t h y le n e  
p r o d u c t i o n  r e s u l t  i n  c o r t e x  and l e n t i c e l  h y p e r t r o p h y ,  l e a f  
s e n e s c e n s e ,  n e g a t iv e  g e o t ro p is m  o f  r o o t s ,  and a d v e n t i t i o u s  r o o t
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f o rm a t io n  ( P e r e i r a  and K o z lo w sk i ,  1977; Tang and K o z lo w sk i ,  1984b).  
Tang and K ozlow ski (1 984a)  compared th e  r e s p o n s e s  o f  e x p e r im e n ta l ly  
f lo o d e d  s e e d l i n g s  o f  F r a x in u s  p e n n s y lv a n ic a  ( a  f l o o d - t o l e r a n t  t r e e  
s p e c i e s )  w i th  u n f lo o d e d  c o n t r o l s .  They compared th e  a b a x i a l  s u r f a c e  
l e a f  d i f f u s i v e  r e s i s t a n c e ;  l e a f  w a te r  p o t e n t i a l ;  and e t h y le n e  r e l e a s e  
from stem  p i e c e s .  The l e a f  d i f f u s i v e  r e s i s t a n c e  of th e  f lo o d e d  
s e e d l i n g s  i n c r e a s e d  d r a m a t i c a l l y  d u r in g  t h e  f i r s t  day o f  f l o o d i n g  b u t  
began  t o  d e c l i n e  w i t h i n  f i v e  d a y s ;  t h i s  d e c r e a s e  was w e l l  c o r r e l a t e d  
w i th  a d v e n t i t i o u s  r o o t  f o r m a t io n .  S to m a ta l  c l o s u r e  was n o t  th e  
r e s u l t  o f  l e a f  d e h y d r a t r i o n  b e c a u se  l e a f  w a te r  p o t e n t i a l  was h ig h e r  
i n  t h e  f lo o d e d  th a n  d r a in e d  i n d i v i d u a l s  d u r in g  th e  e n t i r e  c o u r s e  of 
th e  e x p e r im e n t .  E th y le n e  r e l e a s e  was a l s o  s t i m u l a t e d  by f lo o d i n g  and 
was c o r r e l a t e d  w i th  l e n t i c e l  h y p e r t ro p h y  and a d v e n t i t i o u s  r o o t  
f o r m a t io n .  They i n t e r p r e t e d  t h i s  c h a in  o f  e v e n t s  to  be a d a p t iv e  to  
f l o o d i n g  b e c a u se :  1) th e  i n i t i a l  s to m a ta l  c l o s u r e  p re v e n te d  l e a f  
d e h y d r a t io n  ( l i k e l y  to  be b ro u g h t  ab o u t  by d e l e t e r i o u s  e f f e c t s  t o  th e  
r o o t  sy s tem  by f l o o d i n g ) ,  2) th e n  th e  e t h y l e n e - i n d u c e d ,  a d v e n t i t o u s  
r o o t s  p e r m i t t e d  i n c r e a s e d  w a te r  a b s o r b t i o n  w hich p e r m i t t e d  a 
r e d u c t i o n  i n  l e a f  d i f f u s i v e  r e s i s t a n c e .
F looded  s o i l s  a r e  a l s o  a s o u rc e  o f  e t h y le n e  w hich  can  be ab so rb ed  
by r o o t s  ( J a c k s o n  and C am pbell ,  19 7 5 ) .  F o r  exam ple ,  Sm ith  and 
R e s t a l l  (1971) found  t h a t  u n d e r  a n a e r o b ic  s o i l  c o n d i t i o n s  e th y le n e  of 
m i c r o b ia l  o r i g i n  exceeded  20 ppm, a  c o n c e n t r a t i o n  500 t im e s  i n  e x c e s s  
o f  t h a t  r e p o r t e d  t o  in d u c e  w a te r lo g g in g  symptoms i n  tom ato  ( J a c k s o n  
and C am pbell ,  1976).
I t  i s  i n t e r e s t i n g  from  an e c o l o g i c a l  p o in t  o f  v iew  t h a t  b e t t e r
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r o o t  a e r a t i o n  may r e s u l t  i n  a  p r e d i s p o s i t i o n  to  d e h y d r a t io n  und er  
d ro u g h t  c o n d i t i o n s .  Hook and Brown (1972) i n v e s t i g a t e d  s i x  t r e e  
s p e c i e s .  They compared th e  p r e s s u r e  r e d u c t io n  r e q u i r e d  to  draw a i r  
th ro u g h  submerged stem  c u t t i n g s  w i th :  a )  th e  b a rk  ( a l l  t i s s u e  
e x t e r n a l  t o  th e  v a s c u l a r  cambium) removed, and b) th e  b a rk  i n t a c t .
The v a s c u l a r  cambium of N yssa a q u a t i c a  and F ra x in u s  p e n n s y lv a n ic a ,  
t h e  two most f l o o d - t o l e r a n t  s p e c i e s ,  was pe rm eab le  enough to  p e rm i t  
a e r a t i o n  o f  th e  l i v i n g  c e l l s  o f  th e  r o o t  xylem v i a  th e  l e n t i c e l s .
T h is  s u g g e s te d  t h a t  th e  two h y d ro p h y te s  c o u ld  be s u p p l i e d  w i th  0^ 
from a e r i a l  s o u r c e s ,  w h ereas  th e  xylem of th e  m esophy tes  was s u p p l i e d  
w i th  0 2  v i a  th e  t r a n s p i r a t i o n  s t r e a m ,  b u t  a s  a c o n seq u en c e ,  " . . .  
e x c e s s iv e  w a te r  l o s s  by t h i s  pathway c o u ld  r e s u l t  i n  d e s i c c a t i o n  of 
th e  cambium and newly form ed xylem d e r i v a t i v e s  d u r in g  p e r io d s  o f  
s e v e r e  w a te r  s t r e s s  (Hook and Brown, 1972 p . 3 1 0 ) . "  K ee le y  (1979) 
s tu d i e d  t h r e e  e c o ty p e s  o f  N yssa s y l v a t i c a , and he l i k e w is e  found  t h a t  
d ro u g h t  t o l e r a n c e  was i n v e r s e l y  r e l a t e d  to  f lo o d  t o l e r a n c e .
R h iz o s p h e re  O x id a t io n
A f t e r  th e  s o i l  a i r  i s  d i s p l a c e d  w i th  w a te r ,  th e  oxygen i s  r a p i d l y  
d e p l e t e d .  S u b s e q u e n t ly ,  f a c u l t a t i v e  th e n  o b l i g a t e  a n a e r o b ic  b a c t e r i a  
p r o l i f e r a t e ,  and r e d u c e  a  s e r i e s  o f  t e r m in a l  e l e c t r o n  a c c e p t o r s .  
N i t r a t e  i s  red u ced  when th e  eH ( r e d o x  p o t e n t i a l )  r e a c h e s  ab o u t 220 mV 
( a l l  eH v a l u e s  i n  t h i s  d i s c u s s i o n  assume pH n e u t r a l  s o i l s ) .  M anganic 
manganese i s  th e n  red u ce d  a t  a b o u t  200 mV, f e r r i c  i r o n  a t  120 mV, 
s u l f a t e  from -7 5  mV t o  -1 5 0  mV, and (X^ betw een -250  to  -300  mV 
(G arabre ll  and P a t r i c k ,  1978 ) .
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S u r v iv a l  u n d e r  f lo o d e d  c o n d i t i o n s  h as  f r e q u e n t l y  been  l i n k e d  to  
th e  a b i l i t y  t o  o x id i z e  t h e s e  compounds b e c a u se  th e  red u ce d  compound 
o f  s e v e r a l  o f  t h e s e  red o x  c o u p le s  i s  known to  be p h y t o t o x i c .  The 
o x i d a t i o n  o f  f e r r o u s  ( r e d u c e d )  i r o n  h as  been  r e p o r t e d  a s  a f lo o d  
a d a p t i v e  t r a i t  i n  many s p e c i e s  i n c l u d i n g :  P h a l a r i s  s p . , Phleum 
p r a t e n s e  L . , L o tu s  c o r n i c u l a t u s  L. ( B a r t l e t t ,  19 6 1 ) ,  P in u s  c o n t o r t a  
D ougl. (S a n d e rso n  and A rm s tro n g ,  1 9 8 4 ) ,  E r i c a  c i n e r e a  ( J o n e s  and 
E t h e r i n g t o n ,  1 9 7 0 ) ,  O r iz a  s a t i v a  L. (Ponnamperuma e t  a l . , 1955; G reen 
and E t h e r i n g t o n ,  19 7 7 ) ,  and S p a r t i n a  a l t e r n i f l o r a  (M endelssohn  and 
P o s te k ,  19 8 2 ) .  O x id a t io n  o f  manganous manganese and hydrogen  
s u lp h id e  have  a l s o  been  shown to  be a d a p t iv e  ( T a k i j im a ,  1965; Jo n e s  
and E t h e r i n g t o n ,  1970; A rm s tro n g ,  1972; J o n e s ,  1972).
A lth o u g h  i t  h a s  r e c e iv e d  r e l a t i v e l y  l i t t l e  a t t e n t i o n ,  c a rb o n  
d io x i d e  i s  a n o t h e r  p o t e n t i a l l y  p h y to t o x i c  compound w h ich  te n d s  t o  
ac c u m u la te  u n d e r  f lo o d e d  c o n d i t i o n s  (Ponnamperuma e t  a l . , 1965).
Hook e t  a l .  (1970) w ere a b l e  t o  c o r r e l a t e  s o i l  w i th  poor 
g ro w th  o f  N yssa s y l v a t i c a  v a r .  b i f l o r a  and N yssa a q u a t i c a ,  b u t  
u n f o r t u n a t e l y  s o i l  O2  and CO2  w ere  i n v e r s e l y  r e l a t e d  and 
t h e r e f o r e  t h e  e f f e c t  o f  CO2  on g row th  c o u ld  n o t  be s e p a r a t e d  from  
th e  p o s s i b l e  n e g a t i v e  i n f l u e n c e  o f  low O2  c o n c e n t r a t i o n s .  
S u b s e q u e n t ly ,  Hook, Brown and Kormanik (1971) compared th e  e f f e c t s  o f  
e l e v a t e d  CC^ i n  a c l o s e d  l i q u i d  c u l t u r e  sy s tem  on L iq u id am b ar  
s t y r a c i f l u a ,  and N yssa s y l v a t i v a  v a r .  b i f l o r a .  They found  t h a t  th e  
more f l o o d  t o l e r a n t  s p e c i e s ,  N. s y l v a t i c a  v a r .  b i f l o r a , w i th s to o d  
e l e v a t e d  l e v e l s  o f  CC> 2  much b e t t e r  th a n  Ij. s t y r a c i f l u a , w hich  
d ie d  w i t h i n  15 days  i n  10% anc* days  i n  31%
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N yssa s y l v a t i c a  s u f f e r e d  no i l l - e f f e c t s  from  15 days  c o n t in u o u s  
t r e a tm e n t  w i th  e i t h e r  2% o r  10% CO^; b u t  a t  31%, r o o t  
d e v e lo p m en t ,  h e i g h t  g ro w th ,  oxygen u p ta k e ,  and t r a n s p i r a t i o n  r a t e  
w ere  r e t a r d e d .  T h e i r  c o n c l u s i o n  was t h a t  th e  g r e a t e r  t o l e r a n c e  to  
e l e v a t e d  s o i l  C0£ was p r o b a b ly  due to  b e t t e r  r h i z o s p h e r e  
o x i d a t i o n .
R h iz o sp h e re  o x i d a t i o n  r e s u l t s  i n  th e  f o r m a t io n  o f  a c o a t in g  o r
p la q u e  on th e  r o o t  s u r f a c e .  T h is  f e a t u r e  i s  m a in ly  a  con seq u en ce  o f
th e  f a c t  t h a t  th e  reduced  form s o f  i r o n  and manganese a r e  s o l u b l e ,
b u t  th e  o x id iz e d  fo rm s a r e  n o t  (G am bre l l  and P a t r i c k ,  19 7 8 ) .  Thus,
+2  +2when Fe and Mn a r e  o x id i z e d  a t  th e  r o o t  s u r f a c e  th e y  te n d  
p r e c i p i t a t e  o n to  th e  r o o t  s u r f a c e  (Bacha and H o ss n e r ,  1977) and i n  
some i n s t a n c e s  w i t h i n  e p id e rm a l  and c o r t i c a l  c e l l s  (G reen  and 
E t h e r i n g t o n ,  1977; Chen e t  a l . ,  1980 ) .  The amount o f  m a t e r i a l  
d e p o s i t e d  i s  g e n e r a l l y  r e g a rd e d  a s  a f u n c t i o n  o f  th e  amount of 
red u ce d  Fe and Mn p r e s e n t  (Bacha and H o s s n e r ,  1977) and th e  o x i d i z i n g  
c a p a c i t y  o f  t h e  r o o t s  ( B a r t l e t t ,  1961; M endelssohn  and P o s te k ,  1982).  
O th e r  f a c t o r s  such  a s  pH and th e  p r e s e n c e  of c h e l a t o r s  can  a l s o  be 
im p o r ta n t  ( T a y lo r  e t  a l . , 19 8 4 ) .  I t  h as  been  s u g g e s te d  t h a t  th e  
r e a s o n  i r o n  i s  u s u a l l y  d e p o s i t e d  i n  g r e a t e r  q u a n t i t i e s  th a n  Mn i s  
b e c a u se  Fe o x i d a t i o n  b u f f e r s  t h e  r h i z o s p h e r e  eH a t  a  low er v a l u e  th a n  
t h a t  a t  w hich  Mn o x id a to n  t a k e s  p l a c e ,  and b e c a u se  o f  t h e  much 
g r e a t e r  abundance  o f  Fe th a n  Mn g e n e r a l l y  p r e s e n t  i n  s o i l  
(M endelssohn  and P o s t e k ,  1982 ) .
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ANAEROBIC RESPIRATION
The te rm  " a n a e r o b i c  r e s p i r a t i o n "  f o c u s e s  on th e  p l a n t  r e s p o n s e s  
t h a t  o c c u r  a s  a r e s u l t  o f  t h e  d e p l e t i o n  o f  oxygen i n  t h e  ro o t  
e n v iro n m e n t .  The most e x t e n s i v e l y  i n v e s t i g a t e d  a s p e c t s  o f  t h i s  
phenomenon a r e  th e  enzymes and a s s o c i a t e d  m e ta b o l i c  p ro d u c t s  known to  
be in d e p e n d e n t  o f  oxygen. These p l a n t  r e s p o n s e s  have been  d e s c r ib e d  
u n d e r  e x p e r im e n ta l  c o n d i t i o n s  i n  w hich  th e  a i r  o f  th e  r o o t  
en v ironm en t h as  been  d i s p l a c e d  w i th  w a te r  o r  w i th  an  o x y g e n - f r e e  g a s ,  
and i n  s o l u t i o n  c u l t u r e  from  w hich  th e  d i s s o l v e d  oxygen h as  been  
p u rg e d .  F ig u r e  1. i l l u s t r a t e s  t h e  m a jo r  a n a e r o b ic  m e ta b o l i c  
pa thw ays .
I t  h as  been  s u g g e s te d  by D av ies  e t  a l .  (1974) t h a t  a n a e r o b ic  
r e s p i r a t i o n  i s  m a la d a p t iv e  b e ca u se  i t  w i l l  n e t  o n ly  two m oles o f  ATP
p e r  mole o f  g lu c o s e  d u r in g  e t h a n o l  and l a c t a t e  f o r m a t io n ,  and i n  th e
c a s e  o f  m a la te  a c c u m u la t io n  i t  w i l l  n o t  y i e l d  any ATP: w hereas  
a e r o b i c  r e s p i r a t i o n  w i l l  n e t  36 m oles o f  ATP p e r  mole o f  g lu c o s e  
u t i l i z e d .  A ls o ,  i t  h as  been  a rg u e d  t h a t  a t  th e  r o o t  t i p s ,  w here 
r e s p i r a t i o n  i s  h i g h e s t ,  t h e  t i s s u e  i s  so d e n s e ly  packed t h a t
a n a e r o b ic  r e s p i r a t i o n  i s  n e c e s s a r y  even  i n  w e l l  a e r a t e d  s o i l s
(C raw fo rd ,  1978b).  However, a n a e r o b ic  r e s p i r a t i o n  h as  a l s o  been  
d e m o n s t ra te d  among p l a n t s  c o n s id e re d  to  be f lo o d  t o l e r a n t ,  e . g .  O r iz a  
s a t i v a  ( B e r t a n i  e t  a l . , 1 9 8 0 ) ,  and S p a r t i n a  a l t e r n i f l o r a  (M endelssohn 
e t  a l . , 1981 ) .  These p o i n t s  have s t i m u l a t e d  i n q u i r y  i n t o  p o s s i b l e  
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F ig u r e  1. S ch em atic  d ia g ra m  o f  some p o s s i b l e  m e ta b o l i c  p r o c e s s e s  
o c c u r r i n g  d u r in g  a n a e r o b i o s i s .  Enzymes a r e  PEP-C (p h o s p h o e n o l-  
p r y r u v a te  c a r b o x y l a s e ) ,  MDH (m a la te  d e h y d ro g e n a s e ) ,  ME (NADP—m a l ic  
enzym e), LDH ( l a c t i c  d e h y d ro g e n a s e ) ,  PDC ( p y ru v a te  d e c a r b o x y la s e ) ,  
ADH ( a l c o h o l  d e h y d ro g e n a s e ) ,  and PK ( p y ru v a te  k i n a s e ) .  OAA i s  
o x a l o a c e t i c  a c i d ,  and PEP i s  p h o s p h o e n o lp y ru v a te .
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M e ta b o l ic  S w itch  H y p o th e s i s :  P ro
I n  1971 McManmon and C raw ford p roposed  a th e o ry  w hereby 
f l o o d - t o l e r a n t  p l a n t s  a v o id  an  a c c u m u la t io n  of e t h a n o l ,  w hich  th e y  
assumed to  be a u t o t o x i c .  They s u g g e s te d  t h a t  u n d e r  a n a e r o b ic  
c o n d i t i o n s  th e  r o o t s  o f  f l o o d - i n t o l e r a n t s  would acc u m u la te  
a c e ta ld e h y d e  and e t h a n o l  due to  th e  i n d u c t i o n  o f  ADH ( a l c o h o l  
d eh y d ro g e n a se )  a c t i v i t y  and a r e d u c t i o n  i n  i t s  Km v a l u e .  F lood  
t o l e r a n t s ,  how ever, would n o t  re sp o n d  i n  t h i s  way. T h e r e f o r e ,  
a c e ta ld e h y d e  and e t h a n o l  would n o t  a c c u m u la te .  They h y p o th e s iz e d  
t h a t  a key f a c t o r  i n  t h i s  m e ta b o l i c  a d a p t a to n  would be t h e  a b sen ce  of 
ME (NADP-malic enzym e). B ecause  ME i s  m i s s in g ,  m a la te  i s  no t  
c o n v e r te d  t o  p y ru v a te  and e t h a n o l  p r o d u c t io n  i s  p r e c lu d e d ;  n o n to x ic  
m a la te  a c c u m u la te s  i n s t e a d  ( s e e  F i g . l ) .  However, t h e r e  i s  no n e t  
g a in  o f  ATP a s s o c i a t e d  w i th  m a la te  s y n t h e s i s .
I n  t h i s  scheme, PEP (p h o s p h o e n o lp y ru v a te )  i s  c a r b o x y la te d  v i a  PEP 
c a r b o x y la s e  t o  o x a l o a c e t i c  a c id  ( s e e  F ig .  1 ) ,  w hich  i s  th e n  c o n v e r te d  
to  m a la te  w i th  th e  r e g e n e r a t i o n  o f  NAD ( n ic a t in o m id e  a d e n in e  
d i n u c l e o t i d e )  v i a  MDH (m a la te  d e h y d ro g e n a s e ) .  The p r o d u c t i o n  o f  NAD 
i s  e s s e n t i a l  f o r  th e  c o n t i n u a t i o n  o f  g l y c o l y s i s ,  th e  common 
d e n o m in a to r  o f  a l l  r e s p i r a t i o n .  I t  i s  a l s o  i n t e r e s t i n g  t o  n o te  
t h a t  NADH i s  p o s s i b l y  an  a c t i v a t o r  o f  p y ru v a te  d e c a r b o x y la s e ,  th e  
r a t e  l i m i t i n g  enzyme i n  e t h a n o l  p ro d u c to n  (Jo h n  and Greenway, 1976; 
Chang e t  a l . ,  1 9 8 3 ) ,  w h e reas  NAD i s  l i k e l y  i n h i b i t o r y  (John  and 
Greenway, 1976 ) .
Craw ford  and h i s  c o -w o rk e rs  have s u p p l i e d  c o n s i d e r a b l e  e v id e n c e  i n  
s u p p o r t  o f  t h e  m e ta b o l i c  s w i tc h  t h e o r y .  I n  one s tu d y ,  e l e v e n  s p e c i e s
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w ere d e te rm in e d  to  be f l o o d - t o l e r a n t  o r  i n t o l e r a n t  on th e  b a s i s  of 
d ry  w e ig h t  g a i n  o r  l o s s ,  r e s p e c t i v e l y ,  u n d e r  e x p e r im e n ta l  f lo o d in g  
(C raw ford  and T y l e r ,  1 9 7 2 ) .  A n aero b ic  r e s p i r a t i o n  i s  u s u a l l y  
concom m itant w i th  p h y s i c a l  d e g e n e r a t io n  i n  f l o o d - i n t o l e r a n t  p l a n t s ,  
b u t  n o t  w i th  f l o o d - t o l e r a n t s  (C raw ford  and T y l e r ,  19 7 2 ) .  The r a t i o  
o f  m a la te  c o n te n t  b e f o r e  f l o o d i n g  t o  th e  m a la te  c o n te n t  a f t e r  
f l o o d i n g  was l e s s  th a n  one f o r  a l l  f l o o d - t o l e r a n t s ,  and g r e a t e r  th a n  
one f o r  f l o o d - i n t o l e r a n t s .
McManmon and Craw ford  (1971) d e m o n s t r a te d  t h a t  o u t  o f  19 s p e c i e s  
f lo o d e d  i n  sand c u l t u r e  f o r  one m onth, t h e  f l o o d - t o l e r a n t s  had a 
d e c r e a s e  o r  v e r y  s m a l l  i n c r e a s e  i n  ADH a c t i v i t y ;  th e  
f l o o d - i n t o l e r a n t s  a l l  had a r e l a t i v e l y  l a r g e  i n c r e a s e .  They s in g le d  
o u t  e i g h t  s p e c i e s  i n  w h ich  t h e  ME a c t i v i t y  was m easured  b e f o r e  and 
a f t e r  one month o f  f l o o d i n g .  Under b o th  c o n d i t i o n s  th e  ME a c t i v i t y  
o f  th e  f l o o d - t o l e r a n t s  was n o t  d e t e c t a b l e ,  w h i le  f l o o d - i n t o l e r a n t s  
a l l  had m e a su ra b le  a c t i v i t y .
C raw ford (1972) a l s o  p o in t e d  o u t  t h a t  th e  sap  o f  B e tu la  p u b e s c e n s ,  
a f l o o d - t o l e r a n t  t r e e ,  had a  m a l ic  a c i d  c o n t e n t  f a r  i n  e x c e s s  of 
e t h a n o l ,  e s p e c i a l l y  u n d e r  th e  w e t t e s t  c o n d i t i o n s  r e p r e s e n t e d .  He 
s t a t e d  t h a t  th e  m a l ic  a c i d  c o u ld  p o s s i b l y  be used  f o r  s y n t h e t i c  
p r o c e s s e s  i n  t h e  a e r i a l  p a r t  o f  th e  p l a n t ,  and " . . .  t h e  n e t  r e s u l t  
would be  a g a i n  o f  c a rb o n  to  th e  p l a n t  from  ca rb o n  d io x i d e  f i x a t i o n  
i n  th e  r o o t s  (C ra w fo rd ,  1972 p .  3 1 5 ) . "  The g l y c e r o l  c o n t e n t  o f  A lnus 
i n c a n a ,  a n o t h e r  f l o o d - i n t o l e r a n t  t r e e  s p e c i e s ,  r o s e  c o n s id e r a b ly  over 
an  e i g h t  day  f lo o d i n g  p e r i o d .  The g l y c e r o l  was a rg u ed  to  be 
a n a lo g o u s  to  m a la te .  A ls o ,  a l i s t  o f  o t h e r  p o s s i b l e  n o n to x ic
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a l t e r n a t i v e s  t o  e t h a n o l  in c lu d e d  l a c t i c  a c i d ,  p y ru v ic  a c i d ,  s u c c i n i c  
a c i d ,  g l y c e r o l ,  s h ik im ic  a c i d ,  g ly c o lo c  a c i d ,  g l y o x a l i c  a c i d ,  
a l p h a - k e t o g l u t a r i c  a c i d ,  a l a n i n e ,  e t h y l e n e ,  gamma-amino b u t y r i c  a c i d ,  
g lu t a m ic  a c i d ,  s e r i n e ,  and p r o l i n e  (C raw fo rd ,  1972).
O th e r  w o r k e r s '  d a t a  have  a l s o  s u p p o r te d  th e  m e ta b o l i c  s w i tc h  
th e o r y .  M a r s h a l l  e t  a l .  (1973 )  s tu d i e d  ADH isoenzym e v a r i e n t s  
s p e c i f i e d  by two ADH a l l e l e s  i n  Zea m ays. I n  an  ex p e r im e n t  u s in g  
p rogeny  from  a s i n g l e ,  s e l f - f e r t i l i z e d ,  h e te ro z y g o u s  p a r e n t ,  
i n d i v i d u a l s  homozygous f o r  th e  l e s s  a c t i v e  form  of ADH w ere more 
f l o o d - t o l e r a n t  th a n  th o s e  homozygous f o r  th e  more a c t i v e  fo rm , w h i le  
h e te ro z y g o u s  p l a n t s  w ere  i n t e r m e d i a t e l y  t o l e r a n t .  T h is  su g g e s te d  
t h a t  th e  l e s s  a c t i v e  form o f  ADH conveyed an  a d a p t i v e  a d v a n ta g e  to  
f l o o d i n g  due to  d e c r e a s e d  e t h a n o l  p r o d u c t i o n .  S im i l a r  r e s u l t s  have 
a l s o  been  r e p o r t e d  from work w i th  H e l i a n th u s  annuus (D ie d e n h o fe n ,
1977 ) .
L i n h a r t  and B aker (1973) found  t h a t  w i t h i n  a s i n g l e  p o p u la t io n  o f  
V e ro n ic a  p e r e g r i n a , d i f f e r e n t i a l  a c c u m u la t io n  o f  m a la te  u n d e r  f lo o d e d  
c o n d i t i o n s  c o r re sp o n d e d  to  m i c r o h a b i t a t  d i s t r i b u t i o n .  They c o l l e c t e d  
s e e d s  from  i n d i v i d u a l s  n e a r  th e  c e n t e r  and n e a r  th e  edge of a 
te m p o ra ry  p o o l .  The c e n t e r  was f lo o d e d  f o r  o v e r  two m onths o f  th e  
y e a r  w h ereas  t h e  edge was u s u a l l y  f lo o d e d  o n ly  f o r  v e r y  s h o r t  
p e r i o d s .  The p l a n t s  grown from  seed  c o l l e c t e d  n e a r  th e  c e n t e r  
a c c u m u la te d  a  s i g n i f i c a n t l y  l a r g e r  amount o f  m a la te  i n  t h e  r o o t  
t i s s u e  u n d e r  t h e  f l o o d i n g  t r e a tm e n t  th a n  th o s e  from  th e  ed g e .  T h is  
i n d i c a t e d  t h a t  i n c r e a s e d  f l o o d - t o l e r a n c e  r e s u l t e d  from  a d e c r e a s e  i n  
ME a c t i v i t y .
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M endelssohn  e t  a l .  (19 8 1 )  s t u d i e d  S p a r t i n a  a l t e r n i f l o r a  a lo n g  a 
c o n t in u o u s  t r a n s e c t  from  a s t r e a m s i d e  zone o f  v ig o r o u s  g ro w th ,  
th ro u g h  an in l a n d  a r e a  o f  m o d e ra te  g ro w th ,  t o  a  d i e - b a c k  a r e a  o f  v e r y  
p oo r  g ro w th .  They found  t h a t  s u f f i c i e n t  0^ d id  n o t  r e a c h  th e  
r o o t s  o f  i n l a n d  S. a l t e r n i f l o r a  to  p r e c lu d e  a n a e r o b ic  m e tab o lism  a s  
p r e v i o u s l y  th o u g h t  ( T e a l  and K a n w ish e r ,  1966 ) .  F u r th e rm o re ,  th e  
r o o t s  o f  th e  s t r e a m s i d e  p l a n t s ,  accustom ed  to  m o s t ly  m o d e ra te ly  
a n a e r o b ic  c o n d i t i o n s ,  r e sp o n d ed  t o  t h e s e  c o n d i t i o n s  w i th  an  in c r e a s e  
i n  th e  r o o t  m a la te  c o n t e n t .  R oo ts  i n  t h e  in l a n d  a r e a  r e s p i r e d  
p r i m a r i l y  by a l c o h o l i c  f e r m e n t a t i o n ,  b u t  th e  amount o f  e t h a n o l  i n  th e  
t i s s u e  was r e l a t i v e l y  s m a l l  b e c a u se  o f  d i f f u s i o n  o u t  o f  t h e  r o o t s .
R oo ts  from  th e  d i e - b a c k  r e g io n  a l s o  depended on a l c o h o l i c  
f e r m e n t a t i o n ,  b u t  a p p a r e n t l y  th e  t o x i c  n a t u r e  of th e  s u b s t r a t e  
r e s u l t e d  i n  p o o r e r  p l a n t  v i g o r  and i n t e r m e d i a t e  ADH l e v e l s .  Thus, 
f lo o d  t o l e r a n t  S. a l t e r n i f l o r a  re sp o n d ed  to  m o d e ra te  a n a e r o b i o s i s  
( w i t h i n  th e  s t r e a m s i d e  a r e a )  by a c c u m u la t in g  m a la te  a s  p e r  th e  
m e ta b o l i c  s w i tc h  th e o r y .
An a p p a r e n t  co n n e c to n  be tw een  e t h a n o l  p r o d u c t i o n  and i n t o l e r a n c e  
t o  f l o o d i n g  was r e p o r t e d  i n  a c o m p a ra t iv e  s tu d y  in v o l v in g  Medicago 
s a t i v a  L. ( a l f a l f a )  and a more f lo o d  t o l e r a n t  s p e c i e s ,  L o tu s  
c o r n i c u l a t u s  ( t r e f o i l )  ( B a r t a ,  1 9 8 4 ) .  The e t h a n o l  e x c r e t e d  v i a  th e  
t r a n s p i r a t i o n  s t r e a m  was m easured  and none was d e t e c t a b l e  from L. 
c o r n i c u l a t a ,  b u t  M. s a t i v a  t r a n s p i r e d  s i g n i f i c a n t  amounts w hich 
peaked  j u s t  b e f o r e  i n j u r y  symptoms w ere o b s e rv e d .  E th a n o l  e x c r e t i o n  
and a c c u m u la t io n  from  th e  r o o t s  o f  b o th  s p e c i e s  w ere a l s o  com pared.
The r o o t s  o f  b o th  s p e c i e s  p roduced  e l e v a t e d  am ounts upon f l o o d i n g ,
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b u t  M_. s a t i v a  s y n th e s i z e d  and acc u m u la ted  more th a n  th e  L. 
c o r n i c u l a t u s .  A ls o ,  th e  ADH Km of  b o th  s p e c i e s  i n c r e a s e d  b u t  t h a t  of 
L. c o r n i c u l a t u s  i n c r e a s e d  to  th e  g r e a t e r  e x t e n t .  These r e l a t i v e  
d i f f e r e n c e s  w ere  c o n s i s t e n t  w i th  C ra w fo rd ’ s m e ta b o l i c  th e o r y .
M e ta b o l ic  S w itch  H y p o th e s i s :  Con
D av ies  e t  a l .  (1974b) i n v e s t i g a t e d  th e  p r o p e r t i e s  o f  ME i n  th e  
r o o t s  o f  38 s p e c i e s .  M a lic  enzyme a c t i v i t y  was d e t e c t e d  i n  a l l  o f  
t h e  s p e c i e s  exam ined i n c l u d i n g  th e  f o u r  f l o o d - t o l e r a n t s  i n  w hich 
McManmon and Craw ford  (1971 )  had found  no a c t i v i t y .  D avies  e t  a l .  
a rg u e d  t h a t  due to  t h e  f a c t  t h a t  ME was p r e s e n t  i n  f l o o d - t o l e r a n t  
s p e c i e s ,  t h e  m e ta b o l i c  s w i tc h  th e o ry  was u n te n a b le .  S im i l a r  f i n d i n g s  
and c o n c lu s io n s  w ere a l s o  r e p o r t e d  by C h irkova  e t  a l .  (1974) and by 
Sm ith  and ap Rees (1 9 7 9 ) .  D av ies  p ro p o sed  t h a t  th e  r o l e  o f  m a la te  
and ME was t h a t  o f  a pH s t a t .  M a la te  i s  a r e l a t i v e l y  s t r o n g  a c i d .  
T h e r e f o r e ,  s i n c e ,  un d er  p h y s i o l o g i c a l  c o n d i t i o n s ,  PEP c a r b o x y la s e  
( s e e  F ig u r e  1) h as  an  a l k y l i n e  pH optimum, w h i le  ME h a s  an  a c i d i c  pH 
optimum, t h e s e  two enzymes b u f f e r  c y to p la s m ic  pH changes  tow ard 
n e u t r a l i t y  (D a v ie s ,  1977; 1980 ) .
Hook e t  a l .  (1971 )  found  t h a t  a f t e r  a one month f l o o d i n g  
e x p e r im e n t ,  i n c u b a t i o n  o f  e x c i s e d  r o o t s  o f  N yssa s y l v a t i c a  
v a r .  b i f l o r a  r e s u l t e d  i n  h i g h e r  l e v e l s  i n  r o o t s  t h a t  had been  f lo o d e d  
a s  compared t o  th o s e  t h a t  had n o t  b een .  A naero b ic  r o o t  c o n d i t i o n s  
r e s u l t e d  i n  i n c r e a s e d  ADH a c t i v i t y  i n  t h i s  f l o o d  t o l e r a n t  t r e e  
s p e c i e s .  McManmon and Craw ford  (1971 )  had a rg u ed  t h a t  an  i n c r e a s e  
would be c h a r a c t e r i s t i c  o f  i n t o l e r a n t  s p e c i e s .
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K e e le y  (1979) s tu d i e d  t h e  f l o o d - in d u c e d  re s p o n s e s  of t h r e e  N yssa 
s y l v a t i c a  e c o ty p e s :  swamp, f l o o d p l a i n ,  and u p la n d ,  t o  a o n e -y e a r  
f l o o d i n g  p e r i o d .  As t h e i r  names im p ly ,  t h e  f l o o d - t o l e r a n c e  o f  th e s e  
t r e e s  d e c r e a s e s  i n  th e  o r d e r  l i s t e d  above .  D uring  th e  f i r s t  week of 
f l o o d i n g  a l l  t h r e e  a c c e l e r a t e d  a l c o h o l i c  f e r m e n t a t i o n .  A f t e r  one 
month th e  u p la n d  e c o ty p e  had th e  lo w e s t  r a t e  o f  a l c o h o l i c  
f e r m e n t a t i o n ,  lo w e s t  ADH a c t i v i t y ,  and th e  lo w e s t  m a l ic  a c id  
a c c u m u la t io n ;  w h i le  th e  swamp th e  swamp e c o ty p e  had h ig h  a l c o h o l  
p r o d u c t i o n ,  h ig h  ADH a c t i v i t y ,  and h ig h  m a l ic  a c id  c o n c e n t r a to n .
A f t e r  one y e a r  th e  swamp e c o ty p e  had a low r a t e  o f  a l c o h o l i c  
f e r m e n t a t i o n  b u t  a h ig h  m a l ic  a c id  c o n t e n t .  K ee le y  p ro p o sed  t h a t  th e  
m a la te  s e rv e d  t o  c o u n te r b a la n c e  p o t e n t i a l l y  t o x i c  c a t i o n s  such  as  
red u c e d  i r o n  and manganese r a t h e r  th a n  a s  an  a l t e r n a t i v e  to  e t h a n o l .  
T h is  r o l e  o f  m a la te  h as  been  s u g g e s te d  by s e v e r a l  o t h e r  a u t h o r s  as  
w e l l  ( e . g .  Raven and S m ith ,  1974; M athys ,  1977; K e e le y ,  1978; 1979).  
K e e le y  a t t r i b u t e d  th e  d e c r e a s e  i n  e t h a n o l  p r o d u c t i o n  i n  th e  swamp 
e c o ty p e  t o  t h e  re p la c e m e n t  o f  th e  o r i g i n a l  s e c o n d a ry  r o o t  sy s tem  w i th  
one t h a t  was b e t t e r  a e r a t e d .  The r e s u l t i n g  a e r a t o n  e f f i c i e n c y  of 
t h e s e  e c o ty p e s  c o r re s p o n d e d  to  t h e i r  d e g re e  o f  f lo o d  t o l e r a n c e  and 
i n v e r s e l y  w i th  th e  u p ta k e  o f  i r o n  and m anganese.
T r i p e p i  and M i t c h e l l  (1984b) i n v e s t i g a t e d  t h e  r e s p o n s e s  o f  two 
b i r c h  s p e c i e s ,  B e tu la  n i g r a  L. and B e tu la  p e n d u la  R o t h . ,  and two 
m aple s p e c i e s ,  A cer rubrum  L. and Acer saccharum  M a r s h . , t o  
c o n t r o l l e d  f l o o d i n g  c o n d i t i o n s  o v e r  a  30 day p e r i o d .  They found  t h a t  
h y p o x ia  r e s u l t e d  i n  re d u c e d  m a la te  c o n te n t  o f  b o th  s p e c i e s ,  and 
a l c o h o l  f e r m e n ta to n  was m a in ta in e d  a t  h ig h e r  r a t e s  o v e r  a lo n g e r  tim e
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p e r io d  i n  B. n i g r a ,  th e  more t o l e r a n t  o f  th e  two s p e c i e s .  Both of 
t h e s e  phenomena a r e  c o n t r a d i c t o r y  t o  th e  m e ta b o l i c  th e o r y  o f  f lo o d  
t o l e r a n c e  a_ l a  C raw fo rd .  They a l s o  r e p o r t e d  t h a t  even  though  
ADH a c t i v i t y  was g r e a t l y  e l e v a t e d  u n d e r  f l o o d i n g ,  e t h a n o l  cou ld  n o t  
be d e t e c t e d  i n  e i t h e r  t h e  r o o t  e x t r a c t s  o r  th e  n u t r i e n t  s o l u t i o n s  i n  
w h ich  th e  e x p e r im e n ts  w ere  c o n d u c te d .  A f t e r  18 days  o f  a n o x ia ,  th e  
ATP c o n t e n t  o f  th e  B. n i g r a  s e e d l i n g s  w ere 23% of th e  a e r a t e d  
c o n t r o l s ,  w h i le  th o s e  o f  B. p e n d u la  w ere 8%. T h is  d i f f e r e n c e  was 
c o n s i s t e n t  w i th  th e  h ig h e r  ADH a c t i v i t y  o f  th e  more f l o o d - t o l e r a n t  
s p e c i e s .  Thus, ATP f o r m a t io n  v i a  a l c o h o l  f e r m e n t a t i o n  was s u g g e s te d  
as  th e  m a jo r  d e te r m in a n t  o f  f l o o d  t o l e r a n c e .
Rumpho and Kennedy (1981) have  shown t h a t  E c h in o c h lo a  c r u s - g a l l l  
s e e d l i n g s  s u b j e c t e d  to  a c o m p le te ly  a n o x ic  en v ironm en t in c r e a s e d  
t h e i r  ME a c t i v i t y  f i v e - f o l d  o v e r  a seven  day p e r i o d .  T h e i r  ADH 
a c t i v i t y  and e t h a n o l  p r o d u c t i o n  i n c r e a s e d ,  b u t  n e i t h e r  m a la te  n o r  
l a c t a t e  w ere p roduced  i n  a p p r e c i a b l e  am ounts . These d a t a  a r e  i n  
c o n t r a d i c t i o n  w i th  t h e  m e ta b o l i c  s w i tc h  t h e o r y .  I t  was found t h a t  
e i g h t y - f i v e  p e r  c e n t  o f  t h e  e t h a n o l  p roduced  was e x c r e t e d .  These 
r e s u l t s  c o r re s p o n d e d  c l o s e l y  w i th  th o s e  o f  B e r t a n i  e t  a l .  ( 1 9 8 0 ) ,  who 
s u b je c t e d  O ryza s a t i v a  s e e d l i n g s  to  com ple te  a n o x ia .  The s e e d l i n g s  
p roduced  (X^ and e t h a n o l  i n  e q u i v a l e n t  amounts i n d i c a t i n g  t h a t  
th e y  had a d o p te d  a c o m p le te ly  a l c o h o l i c  f e r m e n t a t i o n .  N in e t y - e ig h t  
p e r  c e n t  o f  t h e  e t h a n o l  was e x c r e t e d .  Thus, in c r e a s e d  a l o c h o l i c  
f e r m e n t a t i o n  co u p led  w i th  t h e  a b i l i t y  t o  e x c r e t e  l a r g e  am ounts o f  
e t h a n o l  were d e te rm in e d  t o  be key a d a p t a t i o n s  f o r  t h e s e  two s p e c ie s  
( B e r t a n i  e t  a l . , 1980; Rumpho and K ennedy, 1 9 8 1 ) ,  E. c r u s - g a l l i  and
page 27
0» s a t i v a , w hich  a r e  t h e  o n ly  two s p e c i e s  known to  be a b l e  t o  s u r v iv e  
t o t a l  a n o x ia  f o r  any s i g n i f i c a n t  l e n g th  o f  t im e (Rumpho and Kennedy, 
1981).
Craw ford  (1978) m o d i f ie d  th e  m e ta b o l i c  s w i tc h  th e o ry  i n  v iew  o f  
t h e  r e p o r t s  o f  ME found  i n  f l o o d - t o l e r a n t  p l a n t s .  He s u g g e s te d  t h a t  
ME, a l th o u g h  n o t  a b s e n t ,  was n e v e r t h e l e s s  i n h i b i t e d  i n  f l o o d - t o l e r a n t  
p l a n t s .  T h is  im p l ie d  t h a t  some a l c o h o l  would l i k e l y  be p roduced  
u n d e r  a n a e r o b ic  c o n d i t i o n s  even  by f l o o d - t o l e r a n t  p l a n t s .  He f u r t h e r  
q u a l i f i e d  h i s  th e o ry  by s t a t i n g  t h a t  e t h a n o l  may n o t  acc u m u la te  to  
t o x i c  l e v e l s  i n  s p e c i e s  su ch  a s  Oryza s a t i v a , w hich  c o u ld  e x c r e t e  
l a r g e  am ounts th ro u g h  t h e i r  r o o t s .  T h e r e f o r e  th e  m e ta b o l i c  s w i tc h  
th e o r y  would n o t  a p p ly  i n  t h e s e  c a s e s .
T h tJe  m o d i f i c a t i o n s  of t h e  m e ta b o l i c  s w i tc h  th e o r y  d id  n o t  a b a t e  
th e  c o n t r o v e r s y .  The a s su m p tio n  t h a t  e t h a n o l  i s  p h y to t o x ic  a t  
p h y s i o l o g i c a l  c o n c e n t r a t i o n s  came und er  a t t a c k .  J a c k so n  e t  a l .
(1982) exam ined th e  e f f e c t s  o f  e th a n o l  on f l o o d - i n t o l e r a n t  Pisum 
s a t i v a  a t  t h e  f lo w e r in g  and f r u i t i n g  s t a g e ,  w hich i s  when i t  i s  most 
v u l n e r a b l e  t o  f l o o d i n g  damage. They found  t h a t ,
" . . .  e t h a n o l  i n  a e r o b i c  o r  a n a e r o b ic  n u t r i e n t  s o l u t i o n
a t  s i m i l a r  c o n c e n t r a t i o n s  t o  th o s e  we found  i n  f lo o d e d
-3s o i l  (up  t o  3 .9  mol m ) o r  i n  th e  xylem sap  o f
-3
f lo o d e d  pea  p l a n t s  (up  t o  2 .1  mol m ) c au sed  no 
i n j u r y .  One h undred  t im e s  t h e s e  c o n c e n t r a t i o n s  gave  
l i t t l e  e x t r a  e f f e c t  and f a i l e d  t o  s t i m u l a t e  f l o o d i n g  
i n j u r y  ( J a c k s o n  e t  a l . , 1982 p .  1 6 3 ) ."
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T h is  f i n d i n g  i n  c o n j u n c t io n  w i th  a th o ro u g h  re v ie w  o f  r e l e v a n t  
l i t e r a t u r e  l e d  t h e s e  a u t h o r s  t o  doub t t h a t  e t h a n o l  t o x i c i t y  and ADH 
r e s p o n s e s  u n d e r  f lo o d e d  c o n d i t i o n s  w ere  a c t u a l l y  s i g n i f i c a n t  
d e t e r m in a n t s  o f  f lo o d  t o l e r a n c e .  L ik e w is e ,  Rumpho and Kennedy (1983) 
w ere  u n a b le  to  in d u c e  i n j u r y  i n  g e r m in a t in g  s e e d s  o f  E c h in o c h lo a  
c r u s - g a l l i  w i th  t h e  a p p l i c a t i o n  o f  45 t im e s  th e  endogenous amount of 
e t h a n o l .
D av ies  (1980 )  i s  among th o s e  who a rg u e d  t h a t  e t h a n o l  i s  u n l i k e l y  
t o  b u i l d  up t o  t o x i c  l e v e l s  w i t h i n  p l a n t  c e l l s .  He c i t e d  D avis  
(1958) who n o te d  t h a t  th e  end p r o d u c t s  o f  m e tab o l ism  such  a s  u r e a  and 
e t h a n o l  a r e  u n ch arg e d  and t h e r e f o r e  r e a d i l y  e l im i n a t e d  from  c e l l s ,  
u n l i k e  m e ta b o l i c  i n t e r m e d i a t e s  w hich  a r e  ch a rg e d  and te n d  to  be 
r e t a i n e d .  D av ies  s t a t e d  t h a t  i n  some p l a n t s  e t h a n o l  i s  t r a n s p o r t e d  
t o  a e r o b i c  t i s s u e s  where i t  i s  o x i d i z e d ,  u sed  i n  g lu c o n e o g e n e s i s , o r  
d i f f u s e s  o u t  o f  th e  p l a n t .  He co n c lu d ed  t h a t  th e  c o r r e l a t i o n  betw een 
f l o o d  i n t o l e r a n c e  and h ig h  e t h a n o l  l e v e l s  i s  " . . .  t o  be seen  a s  a 
c o n se q u e n c e ,  r a t h e r  th a n  t h e  c a u s e ,  o f  c e l l  and t i s s u e  damage 
(D a v ie s ,  1980 p .  6 0 2 ) .
P e rh ap s  th e  e v id e n c e  most dam aging t o  th e  m e ta b o l i c  s w i tc h  
h y p o th e s i s  th u s  f a r  i s  th e  a p p a r e n t  r o l e  t h a t  e t h a n o l i c  f e r m e n ta t io n  
p l a y s  i n  p r e v e n t in g  c y to p la s m ic  a c i d o s i s  u n d e r  a n a e r o b ic  c o n d i t i o n s .  
No p r e c i s e  m easurem ents  o f  c y to p la s m ic  pH i n  th e  l i v i n g  c e l l s  of 
h ig h e r  p l a n t s  w ere a v a i l a b l e  p r i o r  t o  th e  a p p l i c a t i o n  o f  n u c l e a r  
m a g n e t ic  r e s o n a n c e  (NMR) s p e c t r o s c o p y  to  t h i s  p rob lem . J u s t i n  
R o b e r t s  and h i s  cow orkers  have d e m o n s t r a te d  t h a t  t h i s  t e c h n iq u e  can
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be u se d  t o  m o n i to r  th e  pH i n  th e  c y to p la sm  and v a c u o le  o f  h ig h e r  
p l a n t  c e l l s  ( R o b e r ts  e t  a l . , 1980; R o b e r t s ,  1 9 8 4 ) ,  and have u t i l i z e d  
NMR i n  s e v e r a l  p h y s i o l o g i c a l  i n v e s t i g a t i o n s ,  i n c l u d i n g  th e  r o l e  of 
e t h a n o l i c  f e r m e n t a t i o n  i n  c y to p la s m ic  pH r e g u l a t i o n  d u r in g  
a n a e r o b i o s i s .  One m ajo r  f i n d i n g  was t h a t  th e  r e l e a s e  o f  c y to p la s m ic  
CO2  from  th e  r o o t s  d u r in g  f e r m e n t a t i o n  ( s e e  F ig .  1) b u f f e r s  
c y to p la s m ic  pH, and t h a t  i f  th e  r a t e  o f  CO2  e sc a p e  i s  l e s s e n e d  by 
i )  a d e f i c i e n c y  o f  ADH, i i )  e x p o su re  t o  e x t e r n a l  CC^, o r  i i i )  a 
d e c re a s e d  f lo w  o f  n u t r i e n t  s o l u t i o n  a round  th e  r o o t s ,  th e n  
c y to p la s m ic  a c i d o s i s  and r o o t  m o r t a l i t y  w i l l  en su e  ( R o b e r t s ,  1 984a) .  
T h is  s u g g e s t s  t h a t  a l c o h o l i c  f e r m e n t a t i o n ,  r a t h e r  th a n  b e in g  a 
d e t r i m e n t a l  p r o c e s s  a s  s u g g e s te d  by t h e  m e ta b o l i c  s w i tc h  h y p o th e s i s ,  
i s  a c t u a l l y  b e n e f i c i a l  b e c a u se  u n d e r  a n a e r o b ic  c o n d i t i o n s  i t  b u f f e r s  
c y to p la s m ic  pH and m a in ta in s  ATP l e v e l s  ( R o b e r t s ,  1984a; 1984b).
T h is  v iew  o f  t h e  r o l e  o f  e t h a n o l i c  f e r m e n t a t i o n  i n  c y to p la s m ic  pH 
b u f f e r i n g  a g r e e s  w i th  t h a t  of D av ies  (1974b ; 19 7 7 ) .
SUMMARY
When a s o i l  i s  f lo o d e d  th e  oxygen i s  r a p i d l y  d e p l e t e d ,  a l t e r n a t e  
e l e c t r o n  a c c e p t o r s  become re d u c e d ,  t h e  re d o x  p o t e n t i a l  d e c r e a s e s ,  and 
p o t e n t i a l l y  t o x i c  compounds te n d  t o  a c c u m u la te  (Ponnamperuma, 1965; 
G am bre ll  e t  a l . , 1977; G am bre ll  and P a t r i c k ,  1 9 7 8 ) .  T here  a r e  
s e v e r a l  c o m p l ic a t in g  p l a n t - s o i l  i n t e r a c t i o n s  t h a t  a r e  c h a r a c t e r i s t i c  
o f  f lo o d e d  s y s te m s ,  e . g . ,  r h i z o s p h e r e  o x i d a t i o n ,  and p l a n t  and s o i l  
p roduced  e t h y l e n e ,  e t h a n o l ,  and COg. I n  a d d i t i o n ,  th e
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i n t e r p r e t a t i o n  o f  f i e l d  s t u d i e s  may be confounded by th e  e f f e c t s  of 
c o m p e t i t io n  b e c a u se  a f lo o d  a d a p te d  s p e c i e s  may e n c o u n te r  l e s s  
i n t e r - s p e c i f i c  c o m p e t i t io n  and th u s  have a c c e s s  to  more r e s o u r c e s  i n  
w a te r lo g g e d  e n v i ro n m e n ts  (Menges and W a l le r ,  1983).
The im p o r ta n c e  of r o o t  a e r a t i o n  a s  an  a d a p t a t i o n  t o  f l o o d i n g  i s  
i n d i c a t e d  by th e  f o l l o w i n g :  1) w a te r lo g g e d  s o i l  c o n d i t i o n s  in d u c e  th e  
f o r m a t io n  o f  t i s s u e  t h a t  i s  l e s s  r e s i s t a n t  t o  g a seo u s  a e r a t i o n  in  
f l o o d - t o l e r a n t  p l a n t s ,  2) r o o t  a e r a t i o n  p e r m i t s  a e r o b i c  r e s p i r a t i o n  
w hich  i s  more en e rg y  e f f i c i e n t  th a n  a n a e r o b ic  r e s p i r a t i o n ,  3) r o o t  
a e r a t i o n  p e r m i t s  t h e  a m e l i o r a t i o n  o f  reduced  p h y to x in s  w hich o f t e n  
acc u m u la te  i n  f lo o d e d  s o i l  c o n d i t i o n s .  I n  h e rb a c e o u s  s p e c i e s  
aerenchym a r e p r e s e n t s  an  en e rg y  e f f i c i e n t  f lo o d  a d a p t a t i o n  t h a t  can 
h e lp  a v o id  a n a e r o b i o s i s  a l t o g e t h e r  (Hochanchka and Somero, 1973 ) .  I t  
a l lo w s  l e s s  r e s i s t a n c e  to  C> 2  movement f o r  r e s p i r i n g  c e l l s  
(A rm stro n g ,  1978) and d e c r e a s e s  th e  amount o f  r e s p i r i n g  t i s s u e  w h i le  
s t i l l  s u p p ly in g  s t r u c t u r a l  s u p p o r t  (W il l ia m s  and B a rb e r ,  1961).  I n  
woody s p e c i e s ,  w h i le  aerenchym a r a r e l y  d e v e lo p s ,  th e  movement o f  a i r  
th ro u g h  i n t e r c e l l u l a r  s p a c e s  and a c r o s s  th e  v a s c u l a r  cambium may be 
e s s e n t i a l  to  s u r v i v a l  u n d e r  p ro lo n g e d  f l o o d i n g  (Hook and Brown,
1972).
R h iz o sp h e re  o x i d a t i o n  a m e l i o r a t e s  s o i l  t o x i n s  su ch  a s  hydrogen  
s u l p h i d e ,  and red u ce d  i r o n  and manganese (A rm s tro n g ,  1972 ) .  I t  i s  
a f f e c t e d  by age  (Kawase, 1 9 8 1 ) ,  g en o ty p e  (K e e le y ,  1979 ) ,  
a c c l i m a t i z a t i o n  (Hook e t  a l . , 1 9 7 1 ) ,  and s u b s t r a t e  red o x  p o t e n t i a l  
(M endelssohn  and P o s te k ,  19 8 2 ) .  R o o t - c o a t in g s  form on r o o t  s u r f a c e s  
to  an  e x t e n t  t h a t  i s  m a in ly  d ep en d e n t upon th e  amounts o f  reduced  Fe
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and Mn i n  t h e  s o i l  and th e  o x i d i z i n g  c a p a c i t y  o f  th e  r o o t s .  R oots  
a r e  c a p a b le  o f  s im u l t a n e o u s ly  r e s p i r i n g  a n a e r o b i c a l l y  and o x id i z in g  
t h e i r  r h i z o s p h e r e s  (Hook e t  a l . , 1971; L am bers , 1976).
Many s t r u c t u r a l  m o d i f i c a t i o n s  in d u c ed  by f l o o d i n g  a r e  th o u g h t  t o  
be m e d ia te d  by e t h y l e n e .  E th y le n e  can in d u c e :  ly s ig e n o u s  parenchyma 
v i a  c e l l u l a s e  a c t i v a t i o n  (Kawase, 19 8 1 ) ,  a d v e n t i t i o u s  r o o t  f o rm a t io n  
( J a c k s o n  e t  a l . , 1 9 8 1 ) ,  d ry  w e ig h t  r e d u c t i o n  i n  r o o t s  and s h o o t s ,  
red u c e d  s e m in a l  r o o t  l e n g t h  and in c r e a s e d  d i a m e te r ,  i n c r e a s e d  l a t e r a l  
r o o t  l e n g t h  and r o o t  h a i r  p r o l i f e r a t i o n  ( C r o s s e t t  and C am pbell ,
19 7 5 ) ,  and p o s s i b l y  i n c r e a s e d  endoderm is  w a te r  r e s i s t a n c e  (Hunt e t  
a l . , 19 8 1 ) .  I n  some f l o o d - t o l e r a n t  t r e e  s p e c i e s ,  i n c r e a s e d  r o o t  
r e s i s t a n c e  h as  been  o f f s e t  by s to m a ta l  c l o s u r e  u n t i l  a d v e n t i t i o u s  
r o o t s  fo rm , w hich  a r e  b e t t e r  a b l e  to  a b s o rb  w a te r  u n d e r  f lo o d e d  
c o n d i t i o n s  (Sena Gomes and K o z lo w sk i ,  1980).
E th a n o l  can  be t o x i c  due to  i t s  s o l u b i l i z i n g  e f f e c t  on c e l l  
membranes (K iyosaw a, 19 7 5 ) ,  b u t  w h e th e r  o r  n o t  i t  b u i l d s  up t o  t o x i c  
l e v e l s  i n  p l a n t  c e l l s  and t i s s u e s  i s  d e b a t a b l e  (D a v ie s ,  1980; B a rc la y  
and C raw fo rd ,  1981; J a c k s o n  e t  a l . , 1982 ) .  Based on th e  a ssu m p tio n  
t h a t  i t  i s  a u t o t o x i c ,  a th e o ry  o f  m e ta b o l i c  a d a p t a t i o n  was p roposed  
whereby t h e r e  i s  a s w i tc h  from e t h a n o l  t o  n o n to x ic  m a la te  p r o d u c t io n  
(McManmon and C raw fo rd ,  1 9 7 1 ) .  O th e r  r o l e s  f o r  m a la te  i n  
a n a e r o b i o s i s  have a l s o  been  p ro p o se d :  t o  c o u n te r b a la n c e  c a t i o n s  w hich  
may be ab so rb e d  i n  e x c e s s  of a n io n s  i n  red u ce d  s o i l s  (K e e le y ,  19 7 8 ) ,  
and a l s o  a s  a component of t h e  c y to p la s m ic  pH c o n t r o l  system  (D a v ie s ,
1980 ) .  E th a n o l  p r o d u c t io n  h a s  a l s o  been  a s c r i b e d  two m ajo r r o l e s  i n  
f lo o d  t o l e r a n c e :  1) c y to p la s m ic  pH b u f f e r i n g  d u r in g  a n a e r o b i o s i s
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t h ro u g h  CC> 2  e v o l u t i o n  (D a v ie s ,  1974b; 1977; R o b e r t s ,  1984a;
1 9 8 4 b ) ,  and ATP p r o d u c t io n  (M endelssohn  e t  a l . , 1981; R o b e r t s ,  1984a; 
1984b; T r i p e p i  and M i t c h e l l ,  1984a) .
G e n e r a l i z a t i o n s  i n  t h i s  a r e a  a r e  d i f f i c u l t  t o  make. I t  i s  
a p p a r e n t  t h a t  g e n o ty p e ,  a g e ,  v i g o r ,  e n v i ro n m e n t ,  and p ro b a b ly  o t h e r  
f a c t o r s  a s  w e l l ,  i n t e r a c t  t o  p roduce  an i n t e g r a t e d  r e s p o n s e  r e s u l t i n g  
i n  some d e g re e  o f  f lo o d  t o l e r a n c e  (Hook and Brown, 1973; M endelssohn 
e t  a l .  , 19 8 1 ) .  Most e x p e r im e n ts  o f  p l a n t  r e s p o n s e s  a r e  o f  a f a i r l y  
s h o r t  d u r a t i o n .  K e e l e y 's  (1979 )  work i s  an  e x c e p t io n  to  t h i s  
g e n e r a l i z a t i o n .  H is  d a t a  w ere  c o l l e c t e d  o v e r  a o n e -y e a r  p e r io d .  The 
r e s u l t s  showed t h a t  f l o o d i n g  r e s p o n s e s  a r e  dynam ic , and t h a t  
s h o r t - t e r m  a d a p t a t i o n s  may be v e r y  d i f f e r e n t  th a n  lo n g - t e r m ,  even 
w i t h i n  t h e  same e c o ty p e .  A n o th e r  d i f f i c u l t y  i s  t h a t  s t a n d a r d i z e d  
m ethods o f  com parisons  a r e  v i r t u a l l y  n o n - e x i s t e n t .  R e s u l t s  from 
p l a n t s  s u b je c t e d  t o  v a r i o u s  a n a e r o b ic  r o o t  e n v i ro n m e n ts ,  e . g .  
n u t r i e n t  s o l u t i o n s  bubb led  w i th  e i t h e r  a i r  o r  n i t r o g e n ,  f lo o d e d  sand 
c u l t u r e s ,  f lo o d e d  s o i l ,  and a n a e r o b ic  g ase o u s  e n v i ro n m e n ts  a r e  
som etim es com pared. The u n d e r ly i n g  a s su m p tio n  i s  t h a t  t h e  r o o t s  a r e  
r e s p o n d in g  p r i m a r i l y  t o  a n o x ia  p e r  se  o r  some s o r t  o f  g e n e r i c  
" f l o o d i n g  s t r e s s " ;  how ever,  numerous f a c t o r s  such  a s  pH, Eh, and 
CC> 2  l e v e l s  can  be im p o r t a n t .
F lo o d in g  r e s u l t s  i n  many c o n c o m ita n t  changes  i n  s o i l  c h e m is t ry  and 
a w ide a r r a y  o f  p o t e n t i a l  p ro b lem s f o r  p l a n t  r o o t s .  T here  a r e  
l i k e w i s e  many a d a p t a t i o n s  t o  w a te r lo g g e d  c o n d i t i o n s .  As a r e s u l t ,  
t h e  s p e c i f i c  c a u s e - e f f e c t  r e l a t i o n s h i p s  o f  f lo o d - i n d u c e d  r e s p o n s e s  
a r e  n o t  c o m p le t ly  u n d e r s to o d .  A lthough  much p r o g r e s s  h a s  been  made
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i n  t h i s  a r e a ,  many c h a l l e n g e s  rem a in .
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EXTRACTION OF ROOT ALCOHOL DEHYDROGENASE FROM GREEN ASH AND WATER
OAK
ABSTRACT. The e x t r a c t i o n  o f  a l c o h o l  d eh y d ro g en a se  (ADH) (E .C .
1 . 1 . 1 . 1 )  from  th e  r o o t s  o f  w a te r  oak ( Q uercus n i g r a  L . )  and g re e n  a s h  
( F r a x in u s  p e n n s y lv a n ic a  M a rs h .)  was o p t im iz e d .  P r o t e c t i v e  a d d i t i v e s  
w ere t e s t e d  f o r  e f f e c t i v e n e s s  i n  p r e v e n t in g  enzyme i n h i b i t i o n  by 
p o ly p h e n o l i c  compounds d u r in g  e x t r a c t i o n .  A lth o u g h  b o th  a s h  and oak 
r o o t s  c o n ta in e d  s u b s t a n t i a l  amounts o f  p h e n o l i c  compounds, th e  
d i f f e r e n c e s  i n  t h e  c o m p o s i t io n  and amount o f  t h e i r  c o n s t i t u e n t s  
r e s u l t e d  i n  a d i f f e r e n t  p a t t e r n  o f  r e s p o n s e  t o  t h e  a d d i t i v e s  t e s t e d .
A b u f f e r  s o l u t i o n  w i th  th e  p r o t e c t i v e  a g e n t s  d i t h i o t h r e i t o l  (DTT) and 
s o l u b l e  p o ly v i n y l p y r r o l i d o n e  r e s u l t e d  i n  th e  h i g h e s t  r e c o v e ry  o f  ADH 
and t o t a l  s o l u b l e  p r o t e i n  from oak r o o t s  w hich c o n ta in e d  l a r g e  
am ounts o f  t a n n i n s .  The a d d i t i v e s  DTT and i n s o l u b l e  
p o ly v i n y lp o ly p y r o l id o n e  w ere  most e f f e c t i v e  i n  th e  e x t r a c t i o n  o f  ADH 
and p r o t e i n  from  a s h  r o o t s  w hich  c o n ta in e d  s u b s t a n t i a l  amounts o f  
n o n - t a n n i c  p h e n o l i c  compounds. C r y o d e s s i c a t io n  p r i o r  t o  e x t r a c t i o n  
enhanced  th e  r e c o v e ry  o f  ADH from  th e  oak r o o t s  a n d ,  to  a l e s s e r  
e x t e n t ,  from  th e  a s h .  The r e s u l t s  o f  t h i s  s tu d y  d e m o n s t r a te d  t h a t  
t h e  method u sed  t o  e x t r a c t  ADH from  p l a n t  r o o t s  c o n t a in in g  d i f f e r e n t  
ty p e s  o f  p h e n o l i c  compounds must be o p t im iz e d  f o r  eac h  p l a n t  s p e c i e s .
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INTRODUCTION
V a r i a t i o n s  i n  r o o t  a d a p t a t i o n s  t o  f l o o d i n g  a r e  r e s p o n s i b l e  f o r  
d i f f e r e n c e s  i n  p l a n t  d i s t r i b u t i o n  a t  th e  s p e c i e s  (C raw ford  and T y l e r ,  
1 9 6 9 ) ,  e c o ty p e  (K e e le y ,  1 9 7 9 ) ,  and i n t r a - p o p u l a t i o n  ( L i n h a r t  and 
B a k e r ,  1973) l e v e l s .  Root m e ta b o l i c  r e s p o n s e s  can  i n d i c a t e  how w e l l  
and by w hich  mechanisms a p l a n t  i s  a d a p te d  t o  t h e  a e r o b i c  env ironm en t 
o f  f lo o d e d  s o i l s .  Root enzyme a c t i v i t i e s  have  th u s  been  m easured  to  
d e te rm in e  th e  r e l a t i v e  im p o r ta n c e  o f  v a r i o u s  m e ta b o l i c  pathw ays 
d u r in g  a n a e r o b i o s i s  ( e . g .  W ig n a ra ja h  e t  a l . , 1976; Smith and ApRees, 
1979a; 1979b; M endelssohn  e t  a l . , 1981; T r i p e p i  and M i t c h e l l ,  1984 ) .  
The a c c u r a t e  d e t e r m i n a t i o n  o f  enzyme a c t i v i t i e s  i n  p l a n t  r o o t s  can be 
s e r i o u s l y  ham pered , how ever,  by p o ly p h e n o l ic  compounds s i n c e  t h e i r  
p r e s e n c e  i n  t i s s u e  e x t r a c t s  can  ca u se  p r o t e i n  p r e c i p i t a t i o n  and 
enzyme i n h i b i t i o n  (Loomis and B a t t a i l e ,  1966; Loom is, 1974).
A lth o u g h  s t u d i e s  com paring  r o o t  enzyme a c t i v i t y  among d i f f e r e n t  
f l o o d - t o l e r a n t  and f l o o d - i n t o l e r a n t  s p e c i e s  have been  f r e q u e n t l y  made 
(W ig n a ra ja h  e t  a l . , 1976; Sm ith and ApRees, 1979b; T r i p e p i  and 
M i t c h e l l ,  1984; T a y lo r ,  1942; McManmon and C raw fo rd ,  1971; J e n k in  and 
ApRees, 1 9 8 3 ) ,  few have t a k e n  i n t o  a c c o u n t  th e  e f f e c t  o f  p h e n o l i c  
compounds on t h e  a c t i v i t y  o f  th e  enzymes m easu red .
The i s o l a t i o n  and c o m p le te  r e c o v e ry  o f  enzymes from  p l a n t  t i s s u e  
i s  o f t e n  d i f f i c u l t  p r i m a r i l y  due t o  th e  i n e v i t a b l e  r e l e a s e  of 
s e c o n d a ry  compounds from  c e l l  w a l l s  and v a c u o l e s .  T h is  r e s u l t s  i n  th e  
p a r t i a l  o r  t o t a l  i n a c t i v a t i o n  o f  th e  enzymes u n d e r  i n v e s t i g a t i o n  
(Loomis and B a t t a i l e ,  1966; A nderson ,  1 9 6 8 ) .  The s t a n d a r d  a p p ro ac h
page 46
t o  th e  e x t r a c t i o n  o f  enzymes from  p l a n t  t i s s u e s  h a s  been  to  p r e v e n t  
t h e  i n t e r a c t i o n  o f  p h e n o l i c  compounds w i th  th e  enzymes by th e  
a d d i t i o n  o f  p r o t e c t i v e  a g e n t s  t o  th e  e x t r a c t i o n  s o l u t i o n .  The 
c h e m is t r y  o f  th e  v a r i o u s  m ethods w hich  have been  u sed  to  c irc u m v en t 
t h e  enzyme i n h i b i t i o n  c au sed  by p h e n o l i c  compounds h as  been  rev iew ed  
i n  d e t a i l  by s e v e r a l  a u t h o r s  i n c l u d i n g  Loomis and B a t t a i l e  (1 9 6 6 ) ,  
A nderson  (1 9 6 8 ) ,  and Rhodes ( 1 9 7 7 ) .  B r i e f l y  s t a t e d ,  most p h e n o l ic  
i n t e r f e r e n c e s  f a l l  i n t o  one o f  two c a t e g o r i e s :  q u in o n e s  o r  t a n n i n s .  
I n a c t i v a t i o n  by q u in o n e s  i s  o f t e n  a m e l io r a t e d  th ro u g h  th e  u se  of 
t h i o l s  o r  o t h e r  r e d u c in g  a g e n t s .  T h io l s  r a p i d l y  c o n v e r t  q u in o n es  
i n t o  t h i o e t h e r s ,  t h e r e b y  p r e v e n t in g  t h e i r  a c c u m u la t io n  (Loomis amd 
B a t t a i l e ,  1966 ) .  T ann ins  a r e  commonly d e a l t  w i th  by th e  a d d i t i o n  of 
an e x c e s s  o f  a c o m p e t i t i v e  p o ly m e r ic  s u b s t r a t e  such  a s  PVP 
( p o l y v i n y l p y r r o l i d o n e ) .
The amount and c o m p o s i t io n  o f  p h e n o l i c  compounds i n  p l a n t s  may 
v a r y  w i th  s p e c i e s ,  a g e ,  t i s s u e  ty p e ,  and en v iro n m en t (R ib e re au -G a y o n ,  
1 9 7 2 ) .  T ree  s p e c i e s  have lo n g  been  known to  be a s o u rc e  o f  p h e n o l ic  
compounds. F o r  t h i s  r e a s o n ,  th e  two t r e e  s p e c i e s  used  i n  t h i s  
i n v e s t i g a t i o n ,  w a te r  oak  and g re e n  a s h  w ere  th o u g h t  l i k e l y  t o  have 
h ig h  c o n t e n t s  o f  p o t e n t i a l  i n h i b i t o r s  o f  ADH ( a l c o h o l  d e h y d ro g e n a s e ) ,  
t h e  p r im a ry  enzyme m easured  i n  s t u d i e s  o f  a n a e r o b ic  r o o t  m e tab o lism . 
The m a jo r  o b j e c t i v e s  o f  t h i s  s tu d y  w ere t o  1) d e m o n s t r a te  th e  
im p o r ta n c e  o f  o p t i m i z a t i o n  o f  enzyme e x t r a c t i o n  m ethods f o r  p l a n t  
t i s s u e s  c o n t a i n i n g  p h e n o l i c  compounds and 2) p ro v id e  b road  g u i d e l i n e s  
f o r  th e  e x t r a c t i o n  o f  ADH from  th e  r o o t s  o f  p l a n t  s p e c i e s  c o n t a in in g  
t a n n i c  and n o n - t a n n i c  p h e n o l i c  compounds.
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MATERIALS AND METHODS
P l a n t  M a t e r i a l :
One y e a r  o ld  s e e d l i n g s  o f  g r e e n  a s h ,  F r a x in u s  p e n n s y lv a n ic a
M a r s h . ,  and w a te r  o a k ,  Q uercus n i g r a  L . , w ere o b ta in e d  from  th e
L o u i s i a n a  F o r e s t r y  Commission and p o t t e d  in  20 X 20 cm p l a s t i c  p o ts
c o n t a i n i n g  J i f f y  Mix P lu s  (a  com m ercia l p o t t i n g  m ix tu re  c o n t a in in g
n u t r i e n t s ,  J i f f y  P ro d u c ts  o f  A m erica , West C h ic ag o ,  I l l i n o i s ) .  The
s e e d l i n g s  w ere a l lo w ed  to  grow i n  a g re e n h o u se  f o r  e l e v e n  months
w here t h e  t e m p e ra tu r e  ra n g e d  from  20°C ( n i g h t )  t o  30°C (d ay )
-2  -1and th e  l i g h t  i n t e n s i t y  a t  midday was c a .  1500 jumol m s .
The two y e a r  o ld  s e e d l i n g s  o f  each  g roup  w ere f lo o d e d  su ch  t h a t  th e  
p o t t i n g  medium was c o m p le te ly  submerged f o r  t h r e e  d a y s .  The r o o t s  
w ere h a r v e s t e d  by w ash ing  them f r e e  of th e  p o t t i n g  m ix tu r e  and th e n  
r i n s i n g  w i th  d e io n iz e d  w a te r .  L iv in g ,  i . e .  t u r g i d  and s t r u c t u r a l l y  
i n t a c t ,  r o o t s  w ere q u ic k ly  s e p a r a t e d  from  th e  dead r o o t s  and d e b r i s  
and p la c e d  i n  p l a s t i c  bags  on i c e .  D i f f e r e n t  s e t s  o f  s e e d l i n g s  were 
h a r v e s t e d  f o r  eac h  e x p e r im e n ta l  c o m p ar iso n ,  i . e .  p r e l i m i n a r y  s u rv e y  
o f  e x t r a c t a n t s ,  com parison  o f  PVP(P) ( p o l y v i n y l ( p o l y ) p y r r o l i d o n e ]  
c o n c e n t r a t i o n  and pH e f f e c t s ,  and com parison  o f  f r e s h  v e r s u s  
f r e e z e - d r i e d  t i s s u e .  The p r e l i m i n a r y  s u rv e y  o f  e x t r a c t a n t s  and a s s a y  
b u f f e r  pH com parison  w ere eac h  co n d u c ted  t h r e e  t im e s  w i t h  r o o t s  from 
i n d i v i d u a l  s e e d l i n g s .  The re m a in d e r  o f  th e  e x p e r im e n ta l  com parisons  
w ere co n d u c ted  w i th  r o o t s  from s e v e r a l  s e e d l i n g s  w h ich  w ere mixed so
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t h a t  a c o m p o s i te  sam ple f o r  ea c h  s p e c i e s  was o b ta in e d ;  th e s e  
e x p e r im e n ts  w ere r e p l i c a t e d  t h r e e  o r  f o u r  t im e s .  The f r e s h  r o o t  
t i s s u e  was p la c e d  on i c e  and e x t r a c t e d  w i t h i n  30 min a f t e r  c o l l e c t i o n  
a s  d e s c r ib e d  below . An a l i q u o t  from eac h  of th e  co m p o s i te  oak  and 
a s h  r o o t s  was a l s o  f r e e z e - d r i e d  i n  a LabConco F re e z e -D ry e r  5 and 
g round i n  a  W i le y -M il l  (# 60 mesh s i e v e )  f o r  u se  i n  th e  measurement 
of p h e n o l i c  c o n t e n t ,  t a n n i n  c o n t e n t ,  and ADH s ta n d a r d  r e c o v e ry .
Enzyme E x t r a c t i o n  and A n a ly s i s :
The r o o t  t i s s u e  ( 0 .5  g f r .  w t)  from  eac h  com ple te  sam ple was c u t  
i n t o  1-2  mm s e c t i o n s ,  im m e d ia te ly  added t o  5 .0  ml o f  e x t r a c t i o n  
s o l u t i o n ,  and homogenized i n  a m o r ta r  and p e s t l e  w i th  a sm a l l  amount 
o f  a c id -w a sh e d  sand added to  th e  e x t r a c t i o n  s o l u t i o n  to  f a c i l i t a t e  
g r i n d i n g .  The homogenate was c e n t r i f u g e d  a t  20 ,000  g f o r  30 min and 
th e  s u p e r n a t a n t  a s s a y e d  w i t h i n  1 h .  A l l  w ere p re p a re d  and m a in ta in e d  
a t  2 -4 °C u n t i l  th e y  w ere a s s a y e d  f o r  a l c o h o l  d eh y d ro g en a se  (E .C .
1 . 1 . 1 . 1 )  a t  30°C i n  t h e  r e a c t i o n  m ix tu re  d e s c r ib e d  a s  f o l l o w s :
2 .8  ml t o t a l  vo lum e, 0 .1  ml sam ple e x t r a c t ,  5 .4  mM M g C ^ ,  0 .2 6  mM 
NADH, and 0 .4 0  mM a c e ta ld e h y d e  i n  14 mM T r i s  b u f f e r ,  pH 7 .3  Enzyme 
a c t i v i t y  was m easured  by f o l l o w i n g  th e  o x i d a t i o n  o f  NADH 
( n ic o t in a m id e  a d e n in e  d i n u c l e o t i d e  red u ced  fo rm ) i n  th e  r e a c t i o n  
c u v e t t e  a g a i n s t  a b la n k  c o n t a i n i n g  a l l  compounds e x c e p t  a c e ta ld e h y d e  
a t  a  w a v e le n g th  o f  340 nm i n  a  Beckman Model 35 s p e c t r o p h o to m e te r .
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P r o t e i n  A n a ly s i s :
T o t a l  s o l u b l e  p r o t e i n  was d e te rm in e d  a c c o r d in g  to  B ra d fo rd  (1976) 
on th e  s u p e r n a t a n t  from  e a c h  o f  th e  sam ple e x t r a c t i o n s  w i t h i n  1 h 
a f t e r  th e  a s s a y .  Each sam ple was r e a d  a g a i n s t  a b la n k  c o n t a in in g  th e  
a p p r o p r i a t e  e x t r a c t i o n  b u f f e r .
P r e l i m in a r y  Survey  o f  E x t r a c t i o n  A d d i t i v e s :
S e v e r a l  p r o t e c t i v e  a d d i t i v e s  w ere t e s t e d  i n i t i a l l y  to  i d e n t i f y  
th o s e  w hich  w ere  most e f f e c t i v e  f o r  a s h  o r  o ak .  Root t i s s u e  was 
e x t r a c t e d  ( a s  d e s c r ib e d  ab o v e)  i n  e a c h  o f  th e  s o l u t i o n s  l i s t e d  i n  
T ab le  1.
Com parison o f  S ix  E x t r a c t i o n  S o l u t i o n s :
Based on th e  r e s u l t s  o f  th e  p r e l i m i n a r y  s u r v e y ,  th e  f o l l o w in g  s i x  
e x t r a c t i o n  s o l u t i o n s  w ere t e s t e d  f o r  e f f e c t i v e n e s s  i n  e x t r a c t i o n  and 
r e c o v e ry  o f  a l c o h o l  d eh y d ro g en a se  (ADH) from  a s h  and oak  r o o t s :  1)
100 mM T r i s  b u f f e r  (pH 7 . 3 )  w hich  c o n ta in e d  5 mM MgCl2 and 
d e s ig n a t e d  a s  " T " , 2) 100 mM T r i s  b u f f e r  (pH 7 . 3 )  w hich c o n ta in e d  5 
mM MgCl2 and 20 mM DTT and d e s ig n a t e d  a s  "TD", 3) 100 mM T r i s  
b u f f e r  (pH 7 .3 )  w hich  c o n ta in e d  5 mM MgCl2 and 10% (w /v )  s o lu b le  
PVP and d e s ig n a t e d  a s  "T P " , 4) 100 mM T r i s  b u f f e r  (pH 7 .3 )  w hich 
c o n ta in e d  5 MgCl2 , 10% (w /v )  PVP, and 20 mM DTT and d e s ig n a t e d  a s  
"TPD", 5) 100 mM T r i s  b u f f e r  (pH 7 . 3 )  w hich  c o n ta in e d  5 mM MgCl2 
and 10% (w /v )  o f  i n s o l u b l e  PVPP ( p o ly v i n y l p o l y p y r r o l i d o n e )  and 
d e s ig n a t e d  a s  "TPP", 6) 100 mM T r i s  b u f f e r  (pH 7 .3 )  w hich  c o n ta in e d  5 
mM MgCl2 , 10% PVPP ( w /v ) ,  and 20 mM DTT and d e s ig n a t e d  "TPPD".
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Table 1. L is t  of so lu t io n s  te s te d  fo r  the e x t ra c t io n  of alcohol dehydrogenase 
(ADH) from green ash and w ater oak ro o ts .
E x trac ta n t  d e s c r ip t io n  of s o lu t io n
number
#1 100 mM T ris  b u f fe r  w ith 5 mM MgCLg (pH 7 .3 ) .
# 2 / /I + 2% (w/v) bovine serum albumin (BSA).
#3 #1 + 20 mM asco rb ic  ac id .
#4 #1 + 20 mM c y s te in e .
#5 #1 + 20 mM d i t h i o t h r e i t o l  (DTT).
#6 #1 + 20 mM mercaptoethanol (ME).
HI / / I + 10% (w/v) so lub le  po lyv iny lpyrro lidone  (PVP)
#8 m + 2% (w/v) BSA.
#9 in + 20 mM asco rb ic  ac id .
# i o in + 20 mM c y s te in e .
# 1 1 in + 20 mM DTT.
#12 in + 20 mM ME.
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ADH R ecovery :
A known amount o f  s t a n d a r d  ADH was added t o  f r e e z e - d r i e d  t i s s u e  
e x t r a c t i o n s  t o  d e te rm in e  t h e  e f f e c t  o f  e a c h  o f  th e  s i x  e x t r a c t i o n  
s o l u t i o n s  d e s c r ib e d  above on th e  p e r  c e n t  r e c o v e ry  o f  an  i n t e r n a l  
s t a n d a r d  o f  ADH i n  t h e  p r e s e n c e  o f  oak  o r  a s h  r o o t  p h e n o l i c s .  The 
f r e e z e - d r i e d ,  ground r o o t  t i s s u e  ( 0 .1  g d ry  w t)  was added t o  5 ml of 
ea c h  o f  th e  s i x  e x t r a c t i o n  s o l u t i o n s  w hich  c o n ta in e d  a known amount 
o f  s t a n d a r d  ADH and v o r t e x e d  f o r  15 s e c .  R e c o v e r ie s  o f  s t a n d a r d  ADH 
w ere a l s o  d e te rm in e d  w i th  f r e s h  t i s s u e  e x t r a c t s  by a d d i t i o n  of a 
known amount o f  ADH to  5 ml o f  eac h  o f  th e  s i x  e x t r a c t i o n  s o l u t i o n s  
p r i o r  t o  g r i n d i n g  0 .5  g f r .  wt o f  th e  oak o r  a s h  r o o t s .  The e x t r a c t s  
w ere  c e n t r i f u g e d  and a s s a y e d  f o r  ADH as  d e s c r ib e d  above .
O p t im iz a t io n  o f  E x t r a c t i o n  and Assay C o n d i t io n s :
The optimum pH and a d s o r b e n t  c o n c e n t r a t i o n  f o r  th e  e x t r a c t i o n  o f  
ADH from  a s h  and oak  r o o t s  was d e te rm in e d .  Ash and oak  r o o t s  w ere 
e x t r a c t e d  i n  100 mM MES b u f f e r  a t  pH 6 .0  and i n  100 mM T r i s  b u f f e r  a t  
pH 7 .5  and 9 . 0 ;  a l l  s o l u t i o n s  c o n ta in e d  6 % (w /v )  PVP o r  PVPP and 20 
mM DTT. C o n c e n t r a t i o n s  o f  PVP o r  PVPP (w /v )  t e s t e d  w ere 2 ,  6 ,  and 
10%. The pH o f  t h e  a s s a y  b u f f e r  was a l s o  v a r i e d  a s  f o l l o w s :  40 mM 
MES f o r  pH 5 .5  and 6 .0 ;  40 mM MOPS f o r  pH 6 .5  and 7 .0 ;  and 40 mM T r i s  
f o r  7 . 5 ,  8 . 0 ,  8 . 5 ,  and 9 . 0 ;  a l l  o t h e r  a s s a y  c o n d i t i o n s  w ere d e s c r ib e d  
a s  above .
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T o t a l  P h e n o l ic  C o n te n t :
P h e n o l i c  c o n te n t  was d e te rm in e d  by th e  F o l in - D e n i s  A ssay 
(R ib e re a u -G a y o n ,  1972; Swain and H i l l i s ,  1959 ) .  F r e e z e - d r i e d ,  ground 
oak  and a s h  r o o t  t i s s u e  ( 0 .0 5  g) was e x t r a c t e d  i n  4 ml o f  50% aqueous 
m e th a n o l .  A 0 .1 0  ml a l i q u o t  o f  e x t r a c t  was r e a c t e d  w i th  0 .2 0  ml of 
F o l in - D e n i s  r e a g e n t  i n  a t o t a l  volume of 3 .4 5  ml and a b s o rb a n c e  a t  
725 nm re a d  one h a f t e r  a d d i t i o n  o f  a s a t u r a t e d  s o l u t i o n  o f  sodium
c a r b o n a te .  A c a l i b r a t i o n  cu rv e  was c o n s t r u c t e d  u s in g  t a n n i c  a c i d .
T an n in  C o n te n t :
H y d ro ly z a b le  t a n n i n s  w ere  d e te rm in e d  by a m o d i f ie d  i o d a t e
te c h n iq u e  (B a te -S ra i th ,  1977 ) .  A l iq u o t s  ( 2 .5  m l) from  th e  oak and a s h
e x t r a c t s  u sed  f o r  p h e n o l i c  c o n te n t  d e t e r m i n a t i o n  w ere c o o le d  on i c e ;
a b s o rb a n c e s  w ere re a d  a t  550 nm, 40 min a f t e r  a d d i t i o n  o f  0 .1  ml o f  a
s a t u r a t e d  KIO. s o l u t i o n .  A c a l i b r a t i o n  c u rv e  was c o n s t r u c t e d  4
u s in g  t a n n i c  a c i d .
Condensed t a n n in s  w ere d e te rm in e d  by th e  p r o a n th o c y a n id in  method 
( B a te -S ra i th ,  1975 ) .  A l iq u o t s  ( 0 .4  ml) of th e  e x t r a c t s  w ere added  to  
3 ml o f  80% b u ta n o l-H C l c o n t a i n i n g  15.4% f e r r o u s  s u l f a t e  and h e a te d  
a t  97°C f o r  15 m in . A bsorbance  was re a d  a g a i n s t  u n h e a te d  b la n k s
a t  550 nm. A c a l i b r a t i o n  cu rv e  was c o n s t r u c t e d  u s in g  com m ercia l
b i s u l f i t e d  q ueb racho  ( P i l a r  R iv e r  P l a t e  C o r p . ,  Newark, New J e r s e y ) .
ADH A c t i v i t y  i n  F r e s h  and F r e e z e - d r i e d  T i s s u e :
The e f f e c t  o f  f r e e z e - d r y i n g  on ADH e x t r a c t i o n  e f f e c i e n c y  was 
d e te rm in e d  w i th  oak and a s h  r o o t s .  F r e s h  r o o t s  ( 0 .5  g f r .  w t)  w ere
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c o l l e c t e d  a s  b e f o r e ,  m ixed , and d iv i d e d  i n t o  two a l i q u o t s .  One 
a l i q u o t  was im m ed ia te ly  e x t r a c t e d  i n  5 ml o f  th e  a p p r o p r i a t e  
e x t r a c t i o n  s o l u t i o n  a s  d e s c r ib e d  above .  The o t h e r  a l i q u o t  was p la c e d  
i n  c a .  20 ml o f  d e io n iz e d  w a te r  i n  a p l a s t i c  bag ( t h e  w a te r  form s a 
p r o t e c t i v e  l a y e r  o f  i c e  w h ich  p r e v e n t s  t i s s u e  m e l t -b a c k  d u r in g  
h a n d l i n g ) ,  f r o z e n  i n  l i q u i d  n i t r o g e n ,  and f r e e z e - d r i e d  (M endelssohn  
and McKee, 1981 ) .  The f r e e z e - d r i e d ,  ground  (#60 mesh s i e v e )  r o o t s  
( 0 .0 5  g d ry  w t) w ere e x t r a c t e d  i n  5 ml o f  t h e  same e x t r a c t i o n  
s o l u t i o n  by v o r t e x i n g  f o r  15 s e c .  E x t r a c t s  w ere c e n t r i f u g e d  and 
a s s a y e d  a s  d e s c r ib e d  above .
RESULTS AND DISCUSSION
A p r e l i m i n a r y  e x a m in a t io n  o f  p r o t e c t i v e  a d d i t i v e s  (T a b le  1) 
d e m o n s t ra te d  t h a t  PVP, DTT, and t h e i r  c o m b in a t io n  w ere e q u a l  t o  o r  
b e t t e r  th a n  a g e n t s  su ch  a s  b o v in e  serum a lb u m in ,  a s c o r b i c  a c i d ,  
m e r c a p to e t h a n o l , and c y s t e i n e  i n  p r e v e n t in g  th e  i n h i b i t i o n  o f  ADH i n  
a s h  and oak r o o t  e x t r a c t s  (T a b le  2 ) .  The i n c l u s i o n  o f  DTT a lo n e  
p roduced  th e  h i g h e s t  ADH a c t i v i t y  i n  t h e  a s h  r o o t s  o f  a l l  th e  
a d d i t i v e s  t e s t e d ,  b u t  had l i t t l e  e f f e c t  i n  t h e  oak e x t r a c t s .  O th e r  
r e d u c in g  a g e n t s  su ch  a s  m e rc a p to e th a n o l  and a s c o r b i c  a c i d  d id  n o t  
p r e v e n t  ADH i n h i b i t i o n  i n  th e  a s h  e x t r a c t s  a s  w e l l  a s  DTT. A 
c o m b in a t io n  o f  PVP and a r e d u c in g  a g e n t  su ch  a s  DTT was most 
e f f e c t i v e  w i th  th e  oak  r o o t s .  Bovine serum a lbum in  was somewhat 
e f f e c t i v e  w i th  b o th  t r e e  s p e c i e s ,  b u t  d id  n o t  p r e v e n t  ADH i n h i b i t i o n
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Table 2. P re lim inary  comparison of e x t ra c t io n  so lu t io n  e f f i c i e n c i e s  fo r
a lcoho l dehydrogenase measurements (umoles g * f wt h *) of green ash 
*
and water oak ro o ts  .
E x tra c ta n t  ash oak
mean + (s tandard  e r ro r )  mean + (s tandard  e r ro r )
#1, Tris 5 ± (1) o 1+ (0)
#2, Tris + BSA 96 + (5) 47 + (19)
#3, Tris + ascorbate 35 + (13) 0 ± (0)
H , Tris + cysteine 0 + (0) 2 ± (2)
#5, Tris + DTT 250 + (32) 8 ± (8)
#6, Tris + ME 121 +_ (18) 10 ± (10)
#7, Tris + PVP 6 + (1) 76 + (43)
#8, Tris + PVP + BSA 51 + (8) 138 ± (26)
#9, Tris + PVP + ascorbate 104 + (12) 191 ± (20)
#10, Tris +• PVP + cysteine 1 + (1) 2 ± (2)
#11 , Tris +• PVP + DTT 221 + (58) 203 ± (20)
#12, Tris +• PVP + ME 187 + (47) 154 + (6)
*
Green ash were flooded f o r  3 days, water oak fo r  6.
* *
E x tra c ta n ts  a re  described  in  Table 1*
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a s  w e l l  a s  d id  t h e  PVP f o r  oak  o r  DTT f o r  a s h .  The i n c l u s i o n  o f  
c y s t e i n e  had l i t t l e  e f f e c t  on p r e v e n t in g  ADH i n h i b i t i o n  i n  e i t h e r  
s p e c i e s ,  even  i n  c o m b in a t io n  w i th  PVP.
Both a s h  and oak  r o o t s  c o n ta in e d  p h e n o l i c  compounds (T a b le  3 ) .
The oak  r o o t s  c o n ta in e d  b o th  condensed  and h y d r o ly z a b le  t a n n i n s ,  
w h i le  th e  a s h  r o o t s  d id  n o t  (T a b le  3 ) .  The d i f f e r e n c e s  i n  th e  
c o m p o s i t io n  and amount o f  t h e i r  p o ly p h e n o l i c  c o n s t i t u e n t s  r e s u l t e d  i n  
a d i f f e r e n t  p a t t e r n  o f  ADH r e s p o n s e  to  th e  s i x  c o m b in a t io n s  of 
a d d i t i v e s  w hich  in c lu d e d  DTT, PVP, and i n s o l u b l e  PVPP ( F i g s .  1 & 2 ) .
The r e s u l t s  i n d i c a t e d  t h a t  t h e  i n h i b i t i o n  o f  ADH by t a n n i n s  was more 
im p o r ta n t  i n  th e  oak r o o t  e x t r a c t s ,  w h i le  n o n - t a n n i c  p h e n o l i c s  were 
r e s p o n s i b l e  f o r  t h e  i n h i b i t i o n  i n  th e  a s h  (T a b le  3; F i g s .  1 & 2 ) .
I n  a d d i t i o n ,  th e  i n h i b i t i o n  o f  a c t i v i t y  o f  added i n t e r n a l  ADH 
s t a n d a r d s  i n  t h e  oak e x t r a c t s  was g r e a t e s t  i n  th o s e  s o l u t i o n s  w hich  
d id  n o t  c o n t a i n  PVP ( F ig .  2 ) .  PVP h a s  been  shown to  re d u c e  th e  
i n t e r f e r e n c e  by t a n n i n s  (Loomis and B a t t a i l e ,  1966) and o t h e r  h ig h e r  
m o le c u la r  w e ig h t  p h e n o l i c  compounds (A n d erso n ,  19 6 8 ) .  When ADH 
s t a n d a r d s  w ere added  t o  f r e s h  e x t r a c t s  ( F ig .  2 , a ) ,  t h e  p a t t e r n  of 
r e c o v e ry  was s i m i l a r  t o  t h a t  w i th  f r e e z e - d r i e d  t i s s u e  ( F i g .  2 ,b )  
e x c e p t  t h a t  th e  h i g h e s t  p e r c e n ta g e  r e c o v e ry  o b ta in e d  w i t h  f r e s h  oak 
r o o t s  was o n ly  70% i n  t h e  TPD e x t r a c t a n t .  A lth o u g h  th e  amount added 
(w /v )  was th e  sam e, th e  s o l u b l e  form  o f  PVP a p p e a re d  t o  p r e v e n t  
i n h i b i t i o n  o f  ADH s t a n d a r d s  by th e  t a n n i n s  i n  f r e s h  oak  r o o t s  b e t t e r  
th a n  i n s o l u b l e  PVPP. R ecovery  o f  endogenous ADH from  f r e s h  oak r o o t s  
was a l s o  h ig h e r  i n  t h e  e x t r a c t i o n s  w hich  c o n ta in e d  s o l u b l e  PVP 
compared to  t h e  i n s o l u b l e  PVPP ( F i g .  1 ) .  S in ce  th e  f r e e z e - d r i e d
page 56
Table 3. Phenolic and tannin content of water oak and green ash roots (n=3).
*
Values with the same superscript (within row) are not significantly different
(P>0.05), based on Duncan's multiple range test.
Variable ash oak
a b
total phenolics 2.39 + (0.03) 7.12 + (0.02)
a b
hydrolyzable tannins 0.00 ± (0.00) 18.06 ± (0.97)
a b
condensed tannins 0.00 + (0.00) 2.13 ± (0.15)
*
Means and standard errors are given for total phenolics and hydrolyzable 
tannins, expressed on the basis of tannic acid equivalent % of dry roots. 
Means and standard errors of condensed tannins are expressed on the basis 
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F ig u r e  1. E f f e c t  o f  e x t r a c t a n t  on a l c o h o l  d eh y d ro g en a se  (ADH) a c t i v i t y  
(pm oles g * f r .  w t .  h *) i n  w a te r  oak and g re e n  a sh  r o o t  e x t r a c t s  (n = 4 ) . 
T=100 mM T r i s  b u f f e r ,  T P=Tris  +  10% s o l u b l e  p o l y v i n y l  -  p y r r o l i d o n e  (PVP), 
TD=Tris+ 20 mM d i t h i o t h r e i t o l  (DTT), TPD=Tris + PVP +  DTT, TPP=TRIS + 
i n s o l u b l e  p o l y v i n y l p o l y p y r r o l i d o n e  (PVPP), TPPD=TRIS +  PVPP +  DTT. B ars  
w i t h  same l e t t e r  ( w i th i n  s p e c i e s )  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
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F ig u r e  2 .  E f f e c t  o f  e x t r a c t a n t  on a l c o h o l  d e h y d ro g en a se  (ADH) s t a n d a r d  
r e c o v e ry  (%) from  a )  f r e s h  (n = l)  and b )  f r e e z e - d r i e d  (n=4) w a te r  oak 
g re e n  a sh  r o o t  e x t r a c t s .  See F ig u r e  1 d e f i n i t i o n s  o f  sym bols .
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t i s s u e  e x t r a c t e d  w i th o u t  p r o t e c t i v e  a d d i t i v e s  caused  a lm o s t  com ple te  
i n h i b i t i o n  o f  added s t a n d a r d  ADH, i t  does  n o t  seem l i k e l y  t h a t  
c r y o d e s s i c a t i o n  red u ced  th e  " t a n n i n g  c a p a c i t y "  of t h e  oak  r o o t  t i s s u e  
( F ig .  2 ) .  However, t h e  f i n e l y - g r o u n d ,  f r e e z e - d r i e d  t i s s u e  may have 
a l lo w e d  a more im m ediate  i n t e r a c t i o n  o f  th e  PVPP w i th  th e  oak t a n n in s  
b e f o r e  t h e  enzyme was a f f e c t e d .  These  r e s u l t s  s u g g e s te d  t h a t  ADH 
e x t r a c t i o n  from  f r e e z e - d r i e d  r o o t s  m igh t be more s u c c e s s f u l  th a n  from 
f r e s h  t i s s u e .
When enzyme a c t i v i t y  m easured  i n  f r e s h  r o o t s  was compared t o  t h a t  
m easured  i n  f r e e z e - d r i e d  t i s s u e ,  i t  was c l e a r  t h a t  f r e e z e - d r y i n g  
enhanced  th e  e x t r a c t i o n  and  r e c o v e ry  o f  ADH by 60% from  oak r o o t s  and 
18% from  a s h  r o o t s  (T a b le  4 ) .  Loomis (1974) h as  r e p o r t e d  t h a t  
f r e e z e - d r i e d  p l a n t  p r e p a r a t i o n s  a r e  n o t  s u i t a b l e  f o r  enzyme and 
o r g a n e l l e  i s o l a t i o n  s i n c e  t h e s e  c o n s t i t u e n t s  rem ain  i n  i n t i m a t e  
c o n t a c t  w i th  se c o n d a ry  compounds and i n  a powder w i th  a l a r g e  s u r f a c e  
a r e a .  However, t h e  r e s u l t s  o f  t h i s  e x p e r im e n t  i n d i c a t e  t h a t  
c r y o d e s s i c a t i o n  may, i n  f a c t ,  enhance  th e  e x t r a c t i o n  and re c o v e ry  of 
ADH from  t i s s u e s  w i th  l a r g e  amounts o f  p h e n o l i c  compounds, 
p a r t i c u l a r l y  t a n n i n s .  I t  sh o u ld  be em phasized  t h a t  th e  r o o t s  w hich  
w ere f r e e z e - d r i e d  w ere f i r s t  r a p i d l y  f r o z e n  i n  a l a y e r  o f  i c e  i n  
l i q u i d  n i t r o g e n  to  e n s u re  t h a t  no m e l t - b a c k  o f  th e  t i s s u e  o c c u r r e d  
d u r in g  h a n d l in g  and t r a n s f e r  to  th e  f r e e z e - d r y e r .  S in ce  th e  f r e e z i n g  
p r o c e s s  c a u s e s  r u p t u r e  o f  th e  p l a n t  c e l l s ,  even  m inor thaw ing  o f  th e  
t i s s u e  b e f o r e  i t  i s  c o m p le te ly  l y o p h i l i z e d  would a l lo w  th e  
i n t e r a c t i o n  o f  t h e  enzyme w i th  t h e  p h e n o l i c  s u b s t a n c e s  r e l e a s e d  from 
t h e  v a c u o l e s .  The u se  o f  f r e e z e - d r i e d  and f i n e l y - g r o u n d  t i s s u e  may
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*
Table 4. Alcohol dehydrogenase a c t i v i t y  (jimoles g * d wt h *)
* *
measured in  f re s h  and f re e z e -d r ie d  green ash and water oak roo ts  (n=4).
Means with the same su p e rs c r ip t  (w ith in  row) do not d i f f e r  s ig n i f i c a n t ly
(P>0.05), based on Duncan's m u lt ip le  range t e s t . Values a re  mean ± ( s . e . ) .
species f re sh fre e z e -d r ie d
a b
oak 755 ± (35) 1213 ± 3
a b
ash 3135 + (116) 3699 ± 73
*
Root t i s s u e  was ex tra c ted  w ith  100 mM T r i s ,  pH 7 .5 ,  20 mM DTT, and 
6% PVP, or 6% PVPP fo r  oak or ash , r e s p e c t iv e ly .
* *
Enzyme a c t iv i t y  measure in  the f r e s h  ro o ts  was converted to  a dry 
weight b a s is :  f re s h /d ry  = 3.48 fo r  oak, f r e sh /d ry  ■ 5.50 fo r  ash.
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have 1) a l lo w ed  a more c o m p le te  e x t r a c t i o n  o f  ADH due to  in c r e a s e d  
s u r f a c e  a r e a  and 2) a l lo w e d  a more im m ed ia te  and i n t i m a t e  i n t e r a c t i o n  
o f  t h e  a b s o r b a n t s ,  PVP and PVPP, w i th  p o l y p h e n o l i c s ,  th u s  more 
e f f e c t i v e l y  p r e v e n t in g  enzyme i n h i b i t i o n .  R apid  f r e e z i n g  i n  l i q u i d  
n i t r o g e n ,  p r e v e n t io n  o f  t i s s u e  m e l t - b a c k ,  and s t o r a g e  o f  th e  d r i e d  
t i s s u e  i n  a vacuum d e s s i c a t o r  p ro b a b ly  c o n t r i b u t e d  to  th e  s u c c e s s  
t h i s  m ethod. S in c e  t h i s  e x p e r im e n t  was o n ly  a p r e l i m i n a r y  one and 
co n d u c ted  p r i m a r i l y  t o  e x p l a i n  th e  c o n f l i c t i n g  r e s u l t s  o b s e rv e d  in  
th e  r e c o v e r i e s  o f  ADH from  f r e s h  and f r e e z e - d r i e d  oak  r o o t  e x t r a c t s  
( F ig .  2 ,  a&B), f u r t h e r  i n v e s t i g a t i o n  o f  th e  e f e c t  o f  c r y o d e s s i c a t i o n  
on th e  i n t e r a c t i o n  o f  enzymes s u c h  a s  ADH w i th  p h e n o l i c  compounds i s  
w a r r a n te d .
The h ig h  r e c o v e r i e s  o f  endogenous and s t a n d a r d  ADH from a s h  r o o t  
e x t r a c t s  when d i t h i o t h r e i t o l  (DTT) was in c lu d e d  i n  th e  e x t r a c t i o n  
s o l u t i o n  i n d i c a t e d  t h a t  th e  a c t i v e  i n h i b i t o r y  p h e n o l i c  s u b s t a n c e s  i n  
t h i s  t r e e  s p e c i e s  w ere  p r i m a r i l y  q u in o n e s  (T a b le  2 ,  F i g s .  1 & 2 ) .  
Q u inones ,  w hich  a r e  h ig h l y  r e a c t i v e  s e c o n d a ry  compounds, a r e  r e a d i l y  
o x id i z e d  from  p h e n o ls  (Loomis and B a t t a i l e ,  1966); r e d u c in g  a g e n t s  
such  a s  DTT, a s c o r b i c  a c i d ,  and m e rc a p to e th a n o l  p r e v e n t  t h e i r  
f o r m a t io n .  F o r  t h i s  r e a s o n ,  th e  i n c l u s i o n  o f  DTT i n  th e  a sh  r o o t  
e x t r a c t i o n s  r e s u l t e d  i n  h ig h  r e c o v e r i e s  o f  ADH (T a b le  2 ,  F i g s .  1 &
2 ) .  However, t h e  r e c o v e ry  of endogenous ADH from a s h  r o o t s  was o n ly  
p a r t i a l l y  a id e d  by th e  DTT ( F i g .  1) b e c a u se  th e  p h e n o ls  th e m se lv e s  
r e a c t  w i th  enzym es. The p r e s e n c e  o f  a p o ly m e r ic  a d s o r b a n t  was 
a p p a r e n t l y  n e c e s s a r y  t o  p r e v e n t  t h e i r  i n t e r a c t i o n  w i th  endogenous 
ADH. PVPP was s u b s t a n t i a l l y  more e f f e c t i v e  th a n  PVP i n  t h i s  i n s t a n c e
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p ro b a b ly  b e c a u se  p o ly p h e n o l i c s  o f  low er m o le c u la r  w e ig h t  a r e  more 
r e a d i l y  bound to  PVPP (A n d erse n  and S ow ers, 1968 ) .
The d e t e r m i n a t i o n  o f  t o t a l  s o l u b l e  p r o t e i n  was a l s o  s i g n i f i c a n t l y  
a f f e c t e d  by th e  e x t r a c t a n t ,  p a r t i c u l a r l y  w i th  t h e  oak  r o o t s  ( F ig .  3 ) .  
The oak t a n n i n s  c au sed  c o m p le te  p r e c i p i t a t i o n  o f  th e  s o l u b l e  p r o t e i n s  
i n  most o f  th e  e x t r a c t s .  Only i n  th e  TPD e x t r a c t  was t h e r e  a 
s u b s t a n t i a l  amount o f  p r o t e i n  re m a in in g  i n  t h e  s u p e r n a t a n t  ( F i g .  3 ) .  
The low er  m o le c u la r  w e ig h t  p h e n o ls  i n  t h e  a s h  r o o t s  a p p a r e n t l y  d id  
n o t  i n t e r f e r e  w i th  t h e  p r o t e i n  d e t e r m i n a t i o n  a s  much a s  t h e  oak 
t a n n i n s ,  s i n c e  m e a su ra b le  l e v e l s  o f  p r o t e i n  w ere d e t e c t e d  i n  a l l  a sh  
e x t r a c t s  ( F i g .  3 ) .  However, some e x t r a c t a n t s  r e s u l t e d  in  
s i g n i f i c a n t l y  more p r o t e i n  th a n  o t h e r s  ( F ig .  3 ) .  Loomis (1974) 
r e p o r t e d  t h a t  th e  p r e s e n c e  o f  p h e n o l i c  compounds i n  p l a n t  e x t r a c t s  
may r e s u l t  i n  p r o t e i n  v a l u e s  t h a t  a r e  i n a c c u r a t e  by o r d e r s  o f  
m ag n itu d e  and recommended t h a t  enzyme a c t i v i t i e s  be r e p o r t e d  on a 
" p e r  gram f r e s h  w e ig h t"  b a s i s .  T h is  s u g g e s t io n  seems r e a s o n a b l e  i n  
l i g h t  o f  t h e  r e a l i z a t i o n  t h a t  p o ly p h e n o l i c  compounds would p ro b a b ly  
p r e f e r e n t i a l l l y  b in d  to  t h e  h ig h e r  m o le c u la r  w e ig h t  p r o t e i n s ,  a 
s i t u a t i o n  t h a t  would r e s u l t  i n  an  o v e r e s t i m a t i o n  o f  t h e  a c t i v i t y  ocf 
t h e  enzyme i f  e x p re s s e d  on a p r o t e i n  b a s i s .  T h is  p rob lem  would be 
a p p a r e n t  i n  t i s s u e  e x t r a c t s  i n  w h ich  no p r o t e i n  was d e t e c t e d  i n  th e  
s u p e r n a t a n t ,  b u t  w hich  do have  some enzyme a c t i v i t y  ( o a k ,  F i g s .  1 &
3 ) .  However, i n  s i t u a t i o n s  w here s eem in g ly  r e a s o n a b l e  am ounts of 
p r o t e i n  a r e  m easured  ( a s h ,  F ig .  3 ) ,  t h e  e f f e c t  of p h e n o l i c s  on 
p r o t e i n  c o n t e n t  m igh t be o v e r lo o k e d .  U n le s s  p r o t e i n  s t a n d a r d  
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F ig u r e  3 .  E f f e c t  o f  e x t r a c t a n t  on r o o t  t o t a l  s o l u b l e  p r o t e i n  (mg g-1  
f r  w t)  i n  w a te r  oak and g r e e n  a s h  e x t r a c t s  ( n = 4 ) . See F ig u r e  1 f o r  
d e f i n i t i o n s  o f  sym bo ls .
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d e t e r m i n a t i o n  w i l l  be unknown.
S e v e r a l  s t u d i e s  have r e p o r t e d  th e  i n t e r f e r e n c e  o f  a d d i t i v e s  such  
a s  m e rc a p to e th a n o l  (W e lan d e r ,  1978) and PVPP ( S a ld e r  and Shaw, 1978) 
w i th  enzyme a c t i v i t y .  The c o n c e n t r a t i i o n  o f  PVP and PVPP u sed  had no 
s i g n i f i c a n t  e f f e c t  on th e  a c t i v i t y  o f  ADH m easured i n  a s h  and o ak ,  
b u t  d id  have an  e f f e c t  on p r o t e i n  c o n t e n t  i n  oak  (T a b le  5 ) .  S in ce  
th e  e f f e c t  o f  p r o t e c t i v e  a d d i t i v e s  on enzyme a c t i v i t y  i s  g e n e r a l l y  
d ep en d e n t on th e  p l a n t  s p e c i e s ,  c o n f i g u r a t i o n  o f  th e  enzyme, and th e  
c o n c e n t r a t i o n  of th e  a d d i t i v e ;  i t  i s  a d v i s a b l e  t o  t e s t  s e v e r a l  ty p e s  
and c o n c e n t r a t i o n s  w i th  e a c h  e x p e r im e n ta l  p l a n t  s p e c i e s ,  p a r t i c u l a r l y  
i f  a c t i v i t y  i s  e x p re s s e d  on a p r o t e i n  b a s i s .  The optimum pH f o r  th e  
e x t r a c t o n  and a s s a y  o f  ADH was 7 .5  and 7 . 0 ,  r e s p e c t i v e l y ,  f o r  b o th  
s p e c i e s  (T a b le  6 ,  F i g .  4 ) .  S in c e  th e  optimum pH f o r  th e  a s s a y  b u f f e r
i s  d i f f e r e n t  from  t h a t  w hich  h as  been r e p o r t e d  p r e v i o u s l y  f o r  r i c e
ADH (pH 8 . 0 )  ( Jo h n  and Greenway, 1 9 7 6 ) ,  i t  i s  e v i d e n t  t h a t  t h i s  
p a r a m e te r  sh o u ld  be d e te rm in e d  i n d i v i d u a l l y  f o r  eac h  p l a n t  s p e c i e s .
I n  many e a r l y  s t u d i e s  i n  w hich  th e  a c t i v i t y  o f  ADH was m easu red ,
e x t r a c t i o n  o f  th e  r o o t  t i s s u e  was co n d u c ted  i n  a b u f f e r  w i th  no added
p r o t e c t a n t s  ( e . g .  K e e le y ,  1979; F r a n c i s  e t  a l . , 1974 ) .  I n  l a t e r  
s t u d i e s ,  p o ly m e r ic  a d s o r b a n t s  (PVP and PVPP) and r e d u c in g  compounds 
(m e rc a p to e th a n o l  and d i t h i o t h r e i t o l )  w ere  i n c o r p o r a t e d  i n t o  ADH 
e x t r a c t i o n  s o l u t i o n s  (W ig n a ra ja h  e t  a l .  1976; Sm ith  and ApRees,
1979a; M endelssohn  e t  a l .  , 1981; T r i p e p i  and M i t c h e l l ,  1984; J e n k in  
and ApRees, 1983; Cam piranon and K o u k k a r i ,  1977; B e r t a n i  and 
B r a m b i l l a ,  1 9 8 2 ) .  V a r i a b l e  r e c o v e r i e s  o f  r o o t  ADH due to  
i n t e r f e r e n c e  by p h e n o l i c  compounds c o u ld  be p a r t i a l l y  r e s p o n s i b l e  f o r
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Table 5. E f fe c t  of PVP o r PVPP co n cen tra t io n  (% w/v) in  the e x t ra c t io n  
*
b u ffe r  on ADH a c t i v i t y  (jimoles g f wt h ) and p ro te in  (mg m * 
f  wt) in  oak and ash  ro o ts ,  re s p e c t iv e ly  (n=4). Means with same s u p e rsc r ip t  
(w ith in  column) do not d i f f e r  s ig n i f i c a n t ly  (P>0.05), based on Duncan's




ADH p ro te in
oak
ADH p ro te in
a a a a
2 446 + (32) 2.32 ± (0 .43) 56 ±  (9) 0.51 ± (0 .03)
a a a ab
6 461 + (19) 2.50 + (0 .33) 71 ±  (9) 0.31 + (0.13)
a a a b
10 416 ± (21) 1.99 ±  (0 .31) 74 ±  (12) 0.14 ± (0.08)
a
Roots were e x t ra c te d  in  100 mM T ris  b u f fe r ,  pH 7 .5 ,  20 mM DTT, and the 
Ind ica ted  trea tm ent le v e ls  of PVPP o r  PVP, fo r  ash o r  oak, r e s p e c t iv e ly .
A A
Values in  ta b le  a re  the means of ADH a c t i v i t y  ± ( s . e . ) .
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Table 6. E f fec t  of e x t r a c t io n  b u ffe r  pH on ADH a c t i v i t y  (pmoles g *
f  wt * h *) and p ro te in  con ten t (rag g * f wt) in  ash (n=4) and 
*
oak (n=2). Values w ith  same s u p e rs c r ip t  (w ith in  column) do not d i f f e r





p ro te in
oak
ADH p ro te in
b a a a
6.0 93 + (9) 1.01 ± _ (0.19) 108 ±. (10) 0.24 ± (0 .17)
a ab a a
7.5 312 + (14) 1.36 ± (0 .13) 164 ± (22) 0.56 + (0 .22)
c b b a
9.0 48 ±  (4) 1.80 ±  (0 .18) 30 ± (0) 0.87 + (0 .10)
*
Values in  t a b le  a re  the means of ADH a c t i v i t y .
* *
Roots were ex tra c te d  in  100 mM T r is  b u f fe r ,  pH 7 .5 ,  20 mM DTT, and the 




5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
pH
F ig u r e  4 .  E f f e c t  o f  r e a c t i o n  b u f f e r  pH on a l c o h o l  d eh y d ro g en a se  (ADH) 
a c t i v i t y  (jumoles g * f r w t h * ) i n  w a te r  oak  and g re e n  a s h  r o o t  e x t r a c t s  
(n = 3 ) . The f o l lo w in g  b u f f e r s  w ere  u se d  t o  a c h ie v e  th e  d e s i r e d  pH:
40 mM MES f o r  pH 5 .5  and 6 . 0 ;  40 mM MOPS f o r  pH 6 .5  and 7 .0 ;  40 mM




some o f  t h e  c o n f l i c t i n g  r e s u l t s  r e p o r t e d  i n  th e  a fo re m e n t io n e d  
s t u d i e s .  I f  t h e  e x t r a c t i o n  s o l u t i o n  u sed  was n o t  o p t im iz e d  f o r  each  
p l a n t  s p e c i e s ,  th e n  a p p a r e n t  s p e c i e s  and t r e a tm e n t  d i f f e r e n c e s  i n  
m e ta b o l i c  r e s p o n s e s  t o  f l o o d i n g  c o u ld  have been  m i s i n t e r p r e t e d .  In  
t h i s  s tu d y ,  f o r  exam ple ,  t h e  u s e  o f  T r i s  b u f f e r  a lo n e  o r  i n  
c o m b in a t io n  w i th  PVP would have  i n c o r r e c t l y  shown t h a t  d u r in g  
f lo o d i n g  a l c o h o l i c  f e r m e n t a t i o n  was s t i m u l a t e d  t o  a g r e a t e r  d e g re e  i n  
oak  r o o t s  compared to  a s h  ( F ig .  1 ) .  S i m i l a r l y ,  th e  u se  o f  T r i s  
b u f f e r  and i n s o l u b l e  PVPP would have  r e s u l t e d  i n  th e  c o n c l u s i o n  t h a t  
ADH a c t i v i t y  was n o t  s t i m u l a t e d  by f lo o d i n g  i n  e i t h e r  a s h  o r  oak 
r o o t s  ( F ig .  1 ) .  F u r th e r m o re ,  i f  t h e s e  r e s u l t s  had been  e x p re s s e d  on 
a  p r o t e i n  b a s i s ,  th e  d i f f e r e n t i a l  e f f e c t  o f  th e  p h e n o l i c  compounds on 
p r o t e i n  d e t e r m in a to n  would have  c o n t r i b u t e d  s i g n i f i c a n t l y  t o  th e  
i n a c c u r a c y  o f  b o th  th e  a b s o l u t e  v a l u e s  and th e  r e l a t i v e  d i f f e r e n c e s  
be tw een  th e  two s p e c i e s .
The r e s u l t s  d e s c r i b e d  i n  t h i s  p a p e r  have shown t h a t  t h e  u se  o f  a 
r e d u c in g  a g e n t  su ch  a s  DTT i n  c o n j u n c t io n  w i th  e i t h e r  PVP ( i n  th e  
c a s e  o f  oak) o r  PVPP ( i n  t h e  c a s e  o f  a s h )  p roduced  th e  h ig h e s t  ADH 
a c t i v i t i e s  and p r o t e i n  v a l u e s  i n  f r e s h  t r e e  r o o t  e x t r a c t s .  The 
i n c l u s i o n  o f  t h e s e  a d d i t i v e s  i n  t h e  e x t r a c t i o n  s o l u t i o n s  
s u b s t a n t i a l l y  re d u c e d  t h e  i n t e r f e r e n c e  by th e  p o ly p h e n o l i c  compounds 
p r e s e n t  i n  t h e  a s h  and oak  r o o t s  b u t  d id  n o t  a d v e r s e l y  a f f e c t  th e  
a c t i v i t y  o f  t h e  enzyme i t s e l f .  A ls o ,  c r y o d e s s i c a t i o n  o f  th e  p l a n t  
t i s s u e  p r i o r  t o  e x t r a c t i o n  r e s u l t e d  i n  i n c r e a s e d  ADH a c t i v i t i e s  
m easured  i n  oak and a s h  r o o t s .  B ecause  o f  i n t e r e s t  i n  a l c o h o l i c  
f e r m e n t a t i o n  and o t h e r  a n a e r o b ic  pathw ays i n  t r e e s  and w e t la n d  p l a n t s
( s e e  Hook and C raw fo rd ,  1978; C raw fo rd ,  1978; C raw fo rd ,  1982; D a v ie s ,  
1980; Hook, 1984; K o z lo w sk i,  19 8 4 ) ,  a c c u r a t e  d e t e r m i n a t i o n  o f  th e  
a c t i v i t y  o f  t h e  enzymes m e d ia t in g  th e s e  pathw ays i s  e s s e n t i a l  t o  th e  
f o r m a t io n  o f  v a l i d  t h e o r i e s  r e g a r d i n g  f l o o d - t o l e r a n c e .  The 
co m p ar iso n  of enzyme a c t i v i t y  among p l a n t  s p e c i e s  of d i f f e r i n g  f lo o d  
t o l e r a n c e  r e q u i r e s  t h e  co m p le te  e x t r a c t i o n  o f  th e  enzyme from  a l l  
t i s s u e s  r e g a r d l e s s  of p h e n o l i c  c o n t e n t  o r  t r e a t m e n t .  The in f o r m a t io n  
p r e s e n t e d  h e r e  may be h e l p f u l  i n  a c h i e v in g  t h i s  g o a l .
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A METHOD FOR CONTROLLING THE WITHIN-ROOT C02 CONCENTRATION
ABSTRACT. A method i s  p r e s e n te d  f o r  t h e  c o n t r o l  o f  ca rb o n  
d io x i d e  c o n c e n t r a t i o n s  w i t h i n  th e  r o o t s  o f  F r a x in u s  p e n n s y lv a n ic a  
M arsh . The r e s u l t s  i n d i c a t e d  a l i n e a r  f i t  o f  t h e  r o o t  C02 
c o n c e n t r a t i o n s  t o  th e  C02 l e v e l s  of t h e  t r e a tm e n t  g a s e s :  y = 
l . l x  + 5 .4  ( r  = 0 .9 8 ,  18 d f ) .  The method p r e s e n te d  f o r  c o n t r o l l i n g  
C02 can  be e a s i l y  m o d i f ie d  f o r  o t h e r  g a s  m ix tu r e s  and p l a n t  
s p e c i e s .
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INTRODUCTION
The c o n t r o l  o f  th e  c o n c e n t r a t i o n s  o f  g a s e s  w i t h i n  r o o t s  i s  of 
g r e a t  im p o r ta n c e  to  th e  s tu d y  o f  a n a e r o b i o s i s .  Work i n  t h i s  a r e a  
h a s  been  impeded by th e  c o m p le x i ty  o f  th e  phenomenon o f  f l o o d i n g .  
Many f a c t o r s  known to  a f f e c t  r o o t  r e s p i r a t i o n  v a r y  c o n c o m ita n t ly  
when w a te r  f i l l s  t h e  p o re  s p a c e s  o f  s o i l .  The m u l t i p l i c i t y  o f
f a c t o r s  o f t e n  makes i t  d i f f i c u l t  to  i n t e r p r e t  th e  c a u s e - a n d - e f f e c t
r e l a t i o n s h i p s .
Many r e s e a r c h e r s  have  s t u d i e d  th e  r e s p o n s e s  o f  p l a n t s  to
a n a e r o b i o s i s  by f l o o d i n g  them i n  p o t s  o f  s o i l .  T h is  method h as  th e
a d v a n ta g e  o f  s im u l a t i n g  th e  r e s p o n s e s  one would e x p e c t  un d er  f i e l d  
c o n d i t i o n s .  However, t h e  i n f l u e n c e s  o f  c e r t a i n  f a c t o r s  rem ain  i n  
q u e s t i o n ,  e . g . ,  th e  oxygen and ca rb o n  d io x id e  c o n c e n t r a t i o n s  (Hook 
e t  a l . , 197 0 ) ;  t h e  i n c r e a s e d  am ounts o f  red u ce d  compounds su ch  a s  
f e r r o u s  i r o n  and manganous manganese (K e e le y ,  1978; K e e le y ,  1979); 
and th e  i n t e r a c t i o n s  o f  s o i l  e t h y l e n e ,  endogenous e t h y le n e  
p r o d u c t i o n  s t i m u l a t e d  by f lo o d e d  c o n d i t i o n s  (Tang and K o z lo w sk i ,  
1 9 8 4 ) ,  and i n c r e a s e d  e t h y l e n e  a c c u m u la t io n  w i t h i n  p l a n t s  due to  th e  
j a c k e t i n g  e f f e c t  o f  w a te r  (Kawase, 1978 ) .
S o lu t i o n  c u l t u r e  i s  commonly u sed  to  c i rc u m v e n t  some o f  t h e s e  
p ro b le m s .  A e ro b ic  v s .  a n a e r o b ic  t r e a t m e n t s  a r e  o f t e n  o b ta in e d  by 
g a s s in g  th e  s o l u t i o n  w i th  e i t h e r  a i r  o r  n i t r o g e n  ( e . g . ,  T r i p e p i  and 
M i t c h e l l ,  1 9 8 4 ) .  T h is  a p p ro a c h ,  how ever,  i s  somewhat l i m i t e d .
G ases have s m a l l  d i f f u s i o n  c o e f f i c i e n t s  w i t h i n  aqueous  m e d ia ,  and 
c o n s e q u e n t ly  g aseo u s  d i f f u s i o n  w i t h i n ,  i n t o ,  and o u t  o f  th e  r o o t  i s
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a f f e c t e d  ( H ea ly  and A rm stro n g ,  1972; S a g l i o ,  e t  a l . , 1984).
A no ther  p rob lem  I s  t h a t  some g a s e s ,  such  a s  w i l l  r e a c t  w i th
d i s s o l v e d  n u t r i e n t s ,  and th e  t r e a tm e n t  must be cond u c ted  i n  w a te r  
r a t h e r  th a n  i n  n u t r i e n t  s o l u t i o n  ( G e i s l e r ,  1963).
M is t  cham bers have  been  u sed  w i th  some s u c c e s s  t o  p r o v id e  a 
c o n t r o l l e d - g a s  r o o t  en v iro n m en t ( e . g . ,  W il l ia m s o n ,  1968 ) .  I  have 
t r i e d  t h i s  method w i th  F r a x in u s  p e n n s y lv a n ic a  M a r s h . ; d e s i c c a t i o n  
symptoms ap p e a re d  i n  a l l  of t h e  t e s t  p l a n t s ,  and th e  m o r t a l i t y  r a t e  
was v e r y  h ig h .  A ls o ,  t h e s e  sy s tem s  a r e  somewhat cumbersome to  
o p e r a t e ,  and a l g a e ,  f u n g i ,  and b a c t e r i a  may cau se  p rob lem s .
The method d e s c r ib e d  i n  th e  p r e s e n t  c h a p t e r  i s  s i m i l a r  t o  t h a t  
d e s c r ib e d  by G e i s l e r  ( 1 9 6 7 ) ,  b u t  im p o r ta n t  m o d i f i c a t i o n s  have been 
made. The method d i s c u s s e d  i n  t h i s  c h a p t e r  a l lo w s  f o r  th e  im m ediate  
d is p la c e m e n t  o f  s o i l  a i r  and r e s u l t s  i n  a v e s s e l  t h a t  i s  g as  t i g h t .  
G e i s l e r  had p la c e d  p l a n t s  i n  p e r f o r a t e d  c o n t a i n e r s  f i l l e d  w i th  sand 
and com post. F iv e  p o t s  w ere p la c e d  i n t o  a  v e s s e l  s e a l e d  w i th  a 
p l a s t i c  c o v e r  w i th  s m a l l  s l i t s  t h a t  p e r m i t t e d  th e  to p s  o f  th e  p l a n t s  
t o  be i n  a i r .  T h is  method d id  n o t  a l lo w  f o r  im m ediate  d is p la c e m e n t  
o f  th e  s o i l  a i r ,  n o r  d i d  i t  a p p e a r  t o  have  been  g a s  t i g h t .  G e i s l e r  
d id  n o t  d i s c u s s  th e  r e s u l t s  o f  t h i s  method i n  te rm s  o f  th e  i n t e r n a l  
r o o t  g a s e s .
S im i l a r  l i m i t a t i o n s  a r e  e v i d e n t  i n  t h e  method d e s c r ib e d  by 
W il l iam so n  (1 9 7 0 ) .  He u se d  a c r y l i c  tu b e s  f i l l e d  w i th  a  sandy  loam 
s o i l  and a l a y e r  o f  l o o s e l y  packed  m a t e r i a l  a t  th e  bo ttom . Gas 
e n t e r e d  th e  c o r e s  a t  th e  bo ttom  and was e l u t e d  th ro u g h  a p l a s t i c  
f i l m  c o v e r in g  t h e  s o i l .  One p l a n t  was used  p e r  c o r e ,  and gas
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consum ption  was 0 .5  l i t e r  p e r  m in u te .  I  t r i e d  t h i s  method and found 
t h a t  th e  r e s i s t a n c e  o f  th e  p o t t i n g  medium to  th e  g as  f lo w  r e s u l t s  i n  
g as  c h a n n e ls  a lo n g  th e  w a l l s  o f  th e  c o n t a i n e r s  and a lo n g  l a r g e  
r o o t s .
The method o f  c o n t r o l l i n g  r o o t  en v iro n m e n ts  e l u c i d a t e d  i n  t h i s  
c h a p t e r  a l lo w s  th e  r e s e a r c h e r  t o  m a n ip u la te  th e  CO  ̂ c o n t e n t  
w i t h i n  r o o t s  o f  g re e n  a s h  ( F r a x in u s  p e n n s y lv a n ic a  M a r s h . ) .  T h is  
m e thodo logy  sh o u ld  work e q u a l l y  w e l l  w i th  o t h e r  g a s  m ix tu r e s  and 
p l a n t  s p e c i e s .
MATERIALS AND METHODS
The g e n e r a l  co n c e p t  o f  th e  u se  o f  t h i s  chamber i s  t o  d i s p l a c e  th e  
a i r  w i th  w a te r  and th e n  t o  d i s p l a c e  th e  w a te r  w i th  t r e a tm e n t  g a s .  
F ig u r e  1 i s  a  d iag ram  o f  th e  g e n e r a l  c o n s t r u c t i o n  o f  th e  chamber 
u s e d .  The o v e r a l l  d im e n s io n s  a r e :  l e n g t h ,  122 cm; w id th ,  2 8 .6  cm;
h e i g h t ,  3 0 .5  cm. A row o f s i x  4 .8 -c m -d ia m e te r  h o le s  t h a t
accommodated # 1 0 .5  ru b b e r  s t o p p e r s  were d r i l l e d  a lo n g  th e  lo n g  a x i s
o f  t h e  l i d .  A f t e r  th e  h o le s  w ere d r i l l e d ,  t h e  l i d  was sawn i n  h a l f
l o n g i t u d i n a l l y .  S ix te e n  b o l t s  were i n s e r t e d  up th ro u g h  th e  b o l t  
m ounts and cem ented i n  p l a c e .  These w ere u sed  w i th  wing n u t s  to  
a f f i x  t h e  l i d .  A l l  perm anent j o i n t s  w ere cem ented w i th  w a te rp ro o f  
epoxy , and th e  b o a rd s  w ere  screw ed t o g e t h e r .  The wood was t r e a t e d  
w i th  two c o a t s  o f  w a te rp ro o f  s e a l a n t  and two c o a t s  o f  n o n - to x i c  
enam el.  One a d d i t i o n a l  h o le  was d r i l l e d  i n  t h e  l i d  and one n e a r  th e
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F ig u r e  1. G e n e ra l  c o n s t r u c t i o n  o f  t h e  cham ber. The d im en s io n s  a r e :  
122 cm, l e n g t h ;  2 8 .6  cm, w id th ;  3 0 .5  cm, h e i g h t .  M a t e r i a l s  shown h e r e  
a r e  wood and 16 b o l t s  w h ich  p r o j e c t  upward t o  a l lo w  th e  l i d  t o  be 
t i g h t e n e d  down w i th  w in g - n u t s .
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bo ttom  on th e  s i d e  o f  t h e  chamber to  s e r v e  a s  i n l e t  and o u t l e t
p o r t s ,  r e s p e c t i v e l y .  A s to p p e r  w i th  g l a s s  tu b in g  th ro u g h  i t  was
u sed  a t  t h e s e  p o i n t s  t o  f a c i l i t a t e  ty g o n  t u b i n g  c o n n e c t io n s .
A n e o p re n e  g a s k e t  was c u t  to  f i t  th e  p la n e  o f  th e  box j u s t  below
t h e  l i d ,  w hich  h e lp e d  t o  s e c u r e  a g a s - t i g h t  f i t .  N e v e r t h e l e s s ,
l e a k s  o c c u r r e d  a round  th e  wing n u t s ,  a lo n g  th e  seam down th e  m idd le
o f  t h e  l i d ,  and a round  th e  t r e e s .  W a te rp ro o f  a d h e s iv e  ta p e  was
s u b s e q u e n t ly  p la c e d  a lo n g  th e  o u t s i d e  o f  t h e  box a t  th e  t o p ,  w i th  an
e x t r a  1 cm e x te n d in g  v e r t i c a l l y  above th e  box. T h is  a l lo w ed  f o r  a
l a y e r  o f  3 :1  p a r a f f i n - p e t r o l e u r a  j e l l y  m ix tu r e  t o  be pou red  o v e r  th e
l i d  ( s e e  P l a t e  1 ) ,  w h ich  e l im i n a t e d  n e a r l y  a l l  of th e  g as  l e a k a g e .  I
u sed  a c o n t in u o u s  f lo w - th r o u g h  m ethod , and th e  d e c l i n e  i n  gas
-2  -1p r e s s u r e  w i t h i n  th e  c y l i n d e r s  a v e ra g e d  1 .4  kg cm h
The t r e e s  w ere  grown i n  a com m ercia l p o t t i n g  m ix tu r e  o f  p e a t  and
v e r m i c u l i t e ,  w hich  p e r m i t t e d  good d r a in a g e  and g ase o u s  d i f f u s i o n .
The t r e e s  w ere  removed from  t h e i r  p o t s ;  th e  r o o t i n g  medium was
lo o s e n e d ;  and th e  e x c e s s  ( c o n t a i n i n g  no r o o t s )  was removed from th e
r o o t  s y s te m .  The t r e e s  w ere  p la c e d  i n  t h e  box , and t h e  to p  was
f i t t e d  so  t h a t  th e  t r u n k s  p r o j e c t e d  th ro u g h  th e  h o l e s .  B ored ,
h a l f - s p l i t  s t o p p e r s  w ere  p la c e d  a round  th e  t r u n k s  a t  th e  r o o t  c o l l a r
and f o r c e d  i n t o  t h e  h o l e s .  The chamber was th e n  s e a l e d  a s  d e s c r ib e d
ab o v e ,  and s e t  up i n  t h e  l a b o r a t o r y  u n d e r  a bank o f  l i g h t s  w hich 
-2  -1p ro v id e d  76 juM m s a t  m i d - f o l i a g e  l e v e l .  The l i g h t s
w ere  s e t  on a 14 h day c y c l e ,  and t e m p e r a tu r e  a t  th e  f o l i a g e  l e v e l
ran g ed  be tw een  c a .  21°C ( n i g h t )  and 23°C ( d a y ) .
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P l a t e  1. T y p ic a l  t r e a t m e n t  i n  p r o g r e s s .  Tape was p la c e d  around  th e  
l i d  so  t h a t  i t  e x te n d e d  above th e  cham ber, a l lo w in g  f o r  a  p a r a f f i n  s e a l .  
Tape was a l s o  a p p l i e d  a lo n g  t h e  seam down th e  m id d le  o f  t h e  l i d ,  and 
can be se e n  th ro u g h  th e  p a r a f f i n .  A g a s  e x i t  p o r t  ( n o t  shown) was 
l o c a t e d  n e a r  t h e  b o t to m  on th e  s i d e  o f  t h e  cham ber. The g as  was v e n te d  
u n d e r  a s l i g h t  head  o f  w a t e r .
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The t r e e s  w ere a l lo w e d  to  a c c l i m a t i z e  f o r  t h r e e  d a y s .  The 
chamber was th e n  f i l l e d  w i th  w a t e r ,  w hich d i s p l a c e d  th e  a i r  and 
a l s o  s e rv e d  t o  w a te r  t h e  t r e e s .  The box rem ained  f i l l e d  w i th  w a te r  
f o r  30 m in u te s  so t h a t  th e  g a s e s  i n  th e  r o o t i n g  medium would be 
d i s p l a c e d .  The t r e a t m e n t  g as  was th e n  v e n te d  i n t o  th e  chamber as  
t h e  w a te r  d r a i n e d .  The t r e a tm e n t  g as  e f f l u e n t  was bubb led  un d er  a 
s l i g h t  head  o f  w a te r  t o  p r e v e n t  b a c k - f lo w  o f  a i r .  The f o u r  
t r e a t m e n t s  u sed  c o n s i s t e d  o f  c e r t i f i e d ,  p rem ixed  c y l i n d e r  g a s e s :
100% n i t r o g e n  (0% C02 >; and 5% C02> 21% C02> and 37%
C02 ( b a la n c e  n i t r o g e n ) .  Each g as  was a d m in i s t e r e d  f o r  72 h .
S ix  t r e e s  w ere u sed  a s  r e p l i c a t e s  f o r  eac h  t r e a t m e n t ,  b u t  th e  t o t a l  
number o f  o b s e r v a t i o n s  was 20 b e c a u se  one r e p l i c a t e  o f  each  
t r e a tm e n t  was i n a d v e r t e n t l y  l o s t .
I t  sh o u ld  be n o te d  t h a t ,  i f  n e c e s s a r y ,  one c o u ld  w a te r  th e  r o o t  
sy s tem s  by d i s p l a c i n g  th e  t r e a tm e n t  g a s  w i th  d e - a e r a t e d  w a te r  and 
th e n  d i s p l a c i n g  th e  w a te r  w i th  th e  t r e a tm e n t  g a s .  T h is  was n o t  
n e c e s s a r y  d u r in g  t h e s e  t r e a t m e n t s  b e c a u se  none o f  th e  t r e e s  showed 
any d e s i c c a t i o n  symptoms, and th e  r o o t i n g  medium was s t i l l  m o is t  a t  
t h e  end o f  t h e  72 h t r e a t m e n t .
A f t e r  c o m p le t io n  o f  th e  t r e a t m e n t s ,  th e  t r e e s  w ere removed from 
th e  sy s tem  and im m e d ia te ly  p la c e d  i n t o  an  a n a e r o b ic  g lo v e  bag f i l l e d  
w i th  th e  t r e a tm e n t  g a s  u n t i l  th e y  c o u ld  be sam p led .  The r o o t  system  
was s e v e re d  from th e  t r u n k  and p la c e d  i n  a d e g a s se d  s o l u t i o n  of 2M 
MgSO^ a d j u s t e d  t o  pH 2 .5  w i th  HC1 (Ahn, C o l l i n s ,  and P h a r r ,
1 980 ) .  The r o o t  g a s e s  w ere c o l l e c t e d  u s in g  t h e  i n v e r t e d  fu n n e l  
t e c h n iq u e  d e s c r ib e d  by Beyer and Morgan (1 9 7 0 ) .  A P e rk in -E lm e r  900B
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g a s  ch ro m a to g rap h  e q u ip p ed  w i th  a th e rm a l  c o n d u c t i v i t y  d e t e c t o r  and 
an  A l l t e c h  CTR column was u sed  t o  m easure  t h e  CC^ and 0  ̂
c o n c e n t r a t i o n s .  T h is  was a d u a l  column h a v in g  an  i n n e r  column 
c o n t a i n i n g  P o rap ak  P and an  o u t e r  column c o n t a in in g  M o le c u la r  S e iv e .  
H elium  was u sed  a s  th e  c a r r i e r  g a s .  The mean a c c u ra c y  o f  th e  
CC> 2  c o n c e n t r a t i o n  d e t e r m in a t io n s  was + / -  0.6% (S E = 0 .2 , n= 30) .
RESULTS and DISCUSSION
No oxygen was d e t e c t e d  i n  th e  g as  e f f l u e n t  of any  o f  th e  
t r e a t m e n t s .  The r e s u l t s  from  th e  a n a e r o b ic  t r e a tm e n t  i n d i c a t e d  a 
v e r y  good l i n e a r  f i t  o f  th e  r e s u l t i n g  r o o t  CC> 2  c o n c e n t r a t i o n s  to  
th e  CO2  l e v e l s  o f  th e  t r e a tm e n t  g a s e s :  r  = 0 .9 8 ,  d f= 18 .  The 
r e l a t i o n s h i p  f o r  p r e d i c t i n g  r o o t  CO2  c o n c e n t r a t i o n  b ased  on th e  
r o o t  en v iro n m en t  CO2  w as: y = l . l x  + 5 .4  ( F i g .  2 ) .
The l e v e l s  o f  i n t e r n a l  CO2  m easured  r e p r e s e n t e d  a c o m p o s i te  
sam ple  from  th e  e n t i r e  r o o t  sy s te m : th e  t a p  r o o t ,  s e c o n d a ry  and 
s m a l l e r  r o o t s .  I t  i s  l i k e l y  t h a t  th e  l a r g e r  r o o t s  c o n t r i b u t e d  a 
d i s p r o p o r t i o n a t e  amount o f  g as  r e l a t i v e  t o  t h e i r  o v e r a l l  
p h y s i o l o g i c a l  im p o r ta n c e .  I t  would be i n t e r e s t i n g  to  subsam ple  
d i f f e r e n t  r e g io n s  o f  th e  r o o t  sy s te m ,  e s p e c i a l l y  th e  a c t i v e l y  
grow ing  r o o t  t i p s .
T h is  method o f  r o o t  env ironm en t c o n t r o l  sh o u ld  have d i v e r s e  
a p p l i c a t i o n s .  B ecause  o f  th e  m inim al d i s t u r b a n c e  t o  t h e  p l a n t s  and 
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F ig u r e  2 .  E f f e c t  o f  t r e a t m e n t  l e v e l s  o f  CX^ on i n t e r n a l  r o o t  
c o n c e n t r a t i o n s :  y = l . l x  + 5 . 4  ( r  = 0 .9 8 ,  18 d f ) .  The t r e a tm e n t  g a s e s
w ere :  100% n i t r o g e n  (0% COg), 5% CX^, 21% CO 2  and 37% CX^ (b a la n c e
n i t r o g e n ) .  S q u a re s  r e p r e s e n t  i n d i v i d u a l  d a t a  p o i n t s .
g a s  w i th  a i r ,  d u r a t i o n  o f  t r e a t m e n t s  c o u ld  c o n c e iv a b ly  be e x te n d e d .  
The d a t a  p r e s e n t e d  h e r e  i n d i c a t e  t h a t  th e  l e v e l  o f  an  i n t e r n a l  r o o t  
g a s  ( i n  t h i s  c a s e ,  CC^) can  be c o n t r o l l e d  by m a n ip u la t in g  th e  
c o m p o s i t io n  o f  th e  r o o t  en v iro n m en t  a tm o s p h e re .  The method i s  
f l e x i b l e  and c o u ld  e a s i l y  be m o d i f ie d  t o  accommodate o t h e r  p l a n t  
s p e c i e s  and t r e a t m e n t s .
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E f f e c t s  o f  E le v a te d  CO2  i n  A n ae ro b ic  S o i l  A tm ospheres 
on M e ta b o l ic  Components o f  I n t a c t  Root System s o f  
G reen  Ash and W ater  Oak
ABSTRACT. ADH ( a l c o h o l  d e h y d ro g e n a s e ) ,  ME (NADP-malic enzym e), 
e t h a n o l ,  m a l a t e ,  CC^, and C> 2  w i t h i n  i n t a c t  r o o t  sy s tem s  o f  a 
f l o o d - t o l e r a n t  t r e e  s p e c i e s ,  g r e e n  a s h  (F r a x in u s  p e n n s y lv a n ic a  
M a r s h . ) ,  w ere  m o n i to re d  u n d e r  g a se o u s  a n a e r o b ic  s o i l  a tm o sp h e re s  
w hich  c o n s i s t e d  of a ran g e  o f  CO2  c o n c e n t r a t i o n s  i n  n i t r o g e n  g a s .
F o r  c o m p a r iso n ,  an a b b r e v i a t e d  s e r i e s  o f  t r e a t m e n t s  was a l s o  
a d m in i s t e r e d  to  a l e s s  f l o o d - t o l e r a n t  s p e c i e s ,  w a te r  oak  ( Q uercus 
n i g r a  L . ) .  L i n e a r ,  s t a t i s t i c a l l y  s i g n i f i c a n t ,  i n c r e a s e s  i n  ADH and 
ME a c t i v i t i e s ,  and CC^ and e t h a n o l  c o n c e n t r a t i o n s  w ere found in  
th e  g r e e n  a s h  r o o t s .  These r e s u l t s  s u g g e s te d  t h a t  CC^ may 
i n c r e a s e  ME and ADH a c t i v i t y  by lo w e r in g  c y to p la s m ic  pH. T h is  would 
a c c o u n t  f o r  some o f  th e  o b se rv e d  i n c r e a s e s  i n  ADH a c t i v i t y  and 
e t h a n o l  p r o d u c t i o n  and d e c r e a s e s  i n  m a la te .  I n c r e a s e d  s o i l  CO2  
r e s u l t e d  i n  h ig h e r  l e v e l s  o f  e t h a n o l  and CC^ i n  th e  r o o t s  o f  
w a te r  oak  th a n  i n  th o s e  o f  g re e n  a s h .  T h is  i s  d i s c u s s e d  r e l a t i v e  to  
th e  s u p e r i o r  f l o o d - t o l e r a n c e  o f  g r e e n  a s h .  The i n f l u e n c e  of g r e e n  
a s h  l e n t i c e l s  on gas  exchange be tw een  r o o t s  and ab ove-g round  
a tm o sp h e re  was a l s o  i n v e s t i g a t e d .
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INTRODUCTION
A lth o u g h  f l o o d - t o l e r a n c e  h a s  been  a s s o c i a t e d  w i th  t o l e r a n c e  to  
e l e v a t e d  l e v e l s  o f  s o i l  th e  r e l a t i o n s h i p  i s  p o o r ly
u n d e r s to o d .  Hook e t  a l .  (1970 )  found  t h a t  two swamp t r e e  s p e c i e s ,  
N yssa s y l v a t i v a  v a r .  b i f l o r a  and N yssa a q u a t i c a , re sp o n d ed  to  
e l e v a t e d  l e v e l s  o f  s o i l  C0£ w i th  d e p r e s s e d  g ro w th .  However, 
t h e s e  e f f e c t s  c o u ld  n o t  be d i s s o c i a t e d  from e f f e c t s  due t o  low ered  
c o n c e n t r a t i o n s  o f  0£ w hich  w ere a l s o  i n v e r s e l y  c o r r e l a t e d  w i th  
CO2  c o n c e n t r a t i o n s .  I n  o r d e r  t o  e l i m i n a t e  t h i s  p ro b lem , Hook,
Brown and Kormanik (1971) compared th e  e f f e c t s  o f  e l e v a t e d  CC^ i n  
a c l o s e d  l i q u i d  c u l t u r e  sy s tem  on N yssa s y l v a t i v a  v a r .  b i f l o r a  and 
L iqu idam bar s t y r a c i f l u a  s e e d l i n g s .  They found  t h a t  th e  more 
f l o o d - t o l e r a n t  s p e c i e s ,  N. s y l v a t i c a  v a r .  b i f l o r a , w i th s to o d  e l e v a t e d  
l e v e l s  o f  CO2  much b e t t e r  th a n  L. s t y r a c i f l u a  w hich  d ie d  w i t h i n  
15 days  i n  10% CO2 , and 10 days  i n  31% CO2 . N yssa s y l v a t i c a  
s u f f e r e d  no i l l - e f f e c t s  from  a 15 d t r e a tm e n t  w i th  e i t h e r  2% o r  10% 
CO2 , b u t  a t  31%, r o o t  d e v e lo p m e n t ,  g ro w th ,  oxygen u p ta k e ,  and 
t r a n s p i r a t i o n  r a t e  w ere r e t a r d e d .
H igh  p a r t i a l  p r e s s u r e s  o f  CO2  a r e  o f t e n  p r e s e n t  i n  f lo o d e d  
s o i l s ,  e s p e c i a l l y  u n d e r  s t a g n a n t  c o n d i t i o n s .  Ponnamperuma e t  a l .  
(1966 )  r e p o r t e d  t h a t  CO2  i n  f lo o d e d  s o i l  can  a t  t im e s  r e a c h  
l e v e l s  o f  up to  60%, and Hook e t  a l .  (1970 )  m easured  l e v e l s  o f  up to  
30%. T h e r e f o r e ,  t o l e r a n c e  to  e l e v a t e d  s o i l  CO  ̂ may be a common 
f e a t u r e  among f l o o d - a d a p te d  p l a n t s .  However, th e  r o l e  o f  s o i l
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(X> 2  u n d e r  a n a e r o b ic  c o n d i t i o n s  h a s  r e c e iv e d  r e l a t i v e l y  l i t t l e  
a t t e n t i o n  s i n c e  th e  e f f e c t s  o f  l i m i t i n g  oxygen c o n c e n t r a t i o n s  p e r  se  
a r e  o f t e n  assumed to  be t h e  dom inan t f a c t o r  o f  a n a e r o b i o s i s  
(W il l i a m s o n ,  1970; C raw fo rd ,  1982 ) .  I n  a d d i t i o n ,  i t  i s  d i f f i c u l t  to  
e x p e r i m e n t a l ly  c o n t r o l  t h e  s o i l  a tm o sp h e re  w h i le  o t h e r  im p o r ta n t  
p a r a m e te r s  a r e  h e ld  c o n s t a n t .
The p u rp o s e  o f  t h i s  s tu d y  was t o  d e s c r i b e  th e  r e s p o n s e  o f  a 
f l o o d - t o l e r a n t  t r e e  t o  d i f f e r e n t  l e v e l s  o f  s o i l  CO2 , and to  
compare t h e s e  r e s p o n s e s  w i t h  a l e s s  t o l e r a n t  s p e c i e s .  I  compared 
s e l e c t e d  m e ta b o l i c  r e s p o n s e s  o f  g r e e n  a sh  ( F ra x in u s  p e n n s y lv a n ic a  
M a rs h .)  w i th  t h o s e  o f  w a te r  oak  ( Q uercus n i g r a  L . ) ,  two t r e e  s p e c i e s  
endemic t o  b o t to m la n d  hardw oods o f  t h e  e a s t e r n  U n i te d  S t a t e s .  G reen 
a s h  i s  more t o l e r a n t  o f  f l o o d i n g  th a n  i s  w a te r  oak  and i s  o f t e n  found 
i n  swamps w h i le  w a te r  oak  i s  more c h a r a c t e r i s t i c  o f  b o tto m la n d  
hardwood com m unit ies  ( H a l l  e t  a l . , 1946; B ro a d fo o t  and W i l l i s t o n ,  
19 7 3 ) .  I n t a c t  p l a n t s  w i th  t h e i r  r o o t  sy s tem s  i n  c o n t r o l l e d  s o i l  
a tm o sp h e re s  and t h e i r  a e r i a l  o rg a n s  i n  a i r  w ere u s e d .  T h is  
e x p e r im e n ta l  sy s tem  m a in ta in e d  th e  d e s i r e d  c o m p o s t i t i o n  o f  t h e  s o i l  
a tm o sp h e re  s u r r o u n d in g  th e  r o o t s  w i th o u t  a f f e c t i n g  o t h e r  v a r i a b l e s  a s  
i s  th e  c a s e  when a  s o i l  i s  f l o o d e d .
MATERIALS AND METHODS
The re s p o n s e  o f  r o o t  sy s tem  of  F r a x in u s  p e n n s y lv a n ic a  M arsh, t o  
v a r i o u s  l e v e l s  o f  CO2  i n  a  n i t r o g e n  a tm o sp h e re  w ere  a s s e s s e d  by
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m o n i to r in g  th e  f o l l o w i n g  v a r i a b l e s  o f  t h e  r o o t s :  t h e  ADH ( a l c o h o l  
d e h y d ro g e n a se ,  EC 1 . 1 . 1 . 1 )  and ME (NADP-malic enzyme, EC 1 . 1 . 1 . 4 0 )  
a c t i v i t i e s ,  th e  0£ and CO2  c o n c e n t r a t i o n s ,  and th e  m a la te  
and e t h a n o l  c o n c e n t r a t i o n s .  These r e s p o n s e s  w ere compared w i th  th o s e  
o f  Q uercus n i g r a  L. r o o t s  i n  th e  t r e a t m e n t s  s p e c i f i e d  below .
P l a n t  M a t e r i a l :
O n e -y ea r  o l d ,  b a r e - r o o t e d  s e e d l i n g s  o f  F r a x in u s  p e n n s y lv a n ic a  
M arsh , and Q uercus n i g r a  L. w ere p ro v id e d  by th e  O f f i c e  o f  F o r e s t r y ,  
La . D ep t,  o f  N a t u r a l  R e s o u rc e s  from  t h e i r  n u r s e r y  a t  C olum bia ,  L a . ,  
U .S .A . These w ere grown a s  d e s c r i b e d  f o r  g r e e n  a s h  i n  C h a p te r  T h ree .
Root A tm osphere C o n t r o l  Chamber:
The r o o t  a tm o sp h ere  c o n t r o l  chamber used  i n  t h i s  e x p e r im e n t  i s  
d e s c r i b e d  i n  C h a p te r  F o u r .
E x p e r im e n ta l  T re a tm e n ts :
G reen  a s h  p l a n t s  w ere p la c e d  i n  s i x  t r e a t m e n t s :  21% O2  i n  
p u r i f i e d  n i t r o g e n ,  0% CO2  ( a l l  CO2  t r e a t m e n t  g a s e s  were i n  a 
b a la n c e  o f  n i t r o g e n ,  and p e r  c e n t  c o m p o s i t io n  i s  g iv e n  on a  volume 
b a s i s ,  e x c l u s i v e  o f  w a te r  v a p o r ) ;  0% CC^ w i th  s i l i c o n ,  
h igh -vacuum  g r e a s e  a p p l i e d  t o  th e  b a s a l  25 cm o f  th e  s te m s ;  5%
CO2 ; 21 % CO2 ; and 37% C02 » Oak s e e d l i n g s  w ere p la c e d  i n  
th e  f o l l o w i n g  t r e a t m e n t s :  21% O2  i n  p u r i f i e d  n i t r o g e n ;  0%
CO2 ; and 21% COj* S ix  t r e e s  w ere p la c e d  i n  e a c h  t r e a tm e n t  
f o r  72 h o u r s .  A f t e r  t e r m i n a t i o n  o f  a  t r e a t m e n t ,  t h e  t r e e s  w ere
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removed from  th e  sy s tem  and p la c e d  i n  an  a n a e r o b ic  g lo v e -b a g  
c o n t in u o u s ly  f l u s h e d  w i th  th e  t r e a t m e n t  g as  u n t i l  sam ples  were 
c o l l e c t e d  f o r  i n t e r n a l  g a s e s ,  m e t a b o l i t e s ,  and enzyme a c t i v i t i e s .  
Sample c o l l e c t i o n  r e q u i r e d  a b o u t  0 .5  h p e r  t r e e .  One t r e a tm e n t  was 
p erfo rm ed  p e r  week.
Gas Sam pling :
The i n t e r n a l  r o o t  g a s e s  were e x t r a c t e d  w i th  t h e  i n v e r t e d  f u n n e l  
t e c h n iq u e  o f  Beyer and Morgan (1970) a s  d e s c r ib e d  i n  C h a p te r  F o u r .
The mean a c c u r a c i e s  o f  t h e  C02 and 0 2 d e t e r m in a to n s  w ere 
w i t h i n  + / -  0.6% ( s . e . = 0 . 2 ,  n=30) and + / -  0.3% ( s . e . = 0 . 1 ,  n= 2 6 ) ,  
r e s p e c t i v e l y .  S in c e  a rg o n  c o u ld  n o t  be s e p a r a t e d  from  oxygen by t h i s  
t e c h n iq u e ,  oxygen c o n c e n t r a t i o n s  in c lu d e d  a s m a l l  p e r c e n ta g e  of 
a r g o n ,  w hich  i s  p r e s e n t  i n  t h e  a tm o sp h e re  a t  0.93%.
Enzyme and M e ta b o l i t e  M ethods:
The g r in d i n g  b u f f e r  u sed  f o r  th e  e x t r a c t i o n  o f  m a l ic  enzyme, 
a l c o h o l  d e h y d ro g e n a s e ,  and p r o t e i n  from  th e  r o o t s  c o n s i s t e d  o f  100 mM 
T r i s  HCL; 5-mM MgCl2 ; 20 mM DTT; 0 .5  mM TPP; 6% w/v PVP o r  PVPP 
f o r  w a te r  oak  o r  g re e n  a s h ,  r e s p e c t i v e l y ;  b ro u g h t  t o  pH 7 .5  w i th  NaOH 
( s e e  C h a p te r  T h r e e ) .  S m a l l ,  l i m b e r ,  h e a l t h y - l o o k i n g  r o o t s  were 
c o l l e c t e d  from  th ro u g h o u t  t h e  r o o t  sy s te m . These  w ere  c u t  up i n t o  
a p p ro x im a te ly  0 .5  cm p i e c e s  and th o ro u g h ly  m ixed. A 1 .0  g sam ple of 
t i s s u e  was g round  i n  an  i c e - c o l d  m o r ta r  w i th  10 .0  ml of e x t r a c t i o n  
b u f f e r  and a s m a l l  amount o f  a c id -w a sh e d  sand and th e n  c e n t r i f u g e d  
f o r  20 m in u te s  a t  15 ,000  g and 5°C. One gram of t i s s u e  was a l s o
page 93
ground i n  15 ml o f  0 .3 3  N p e r c h l o r i c  a c i d  f o r  m a la te  and e t h a n o l  
d e t e r m i n a t i o n s  u s in g  th e  m ethods d e s c r ib e d  i n  Bergmeyer (1 9 7 4 ) .
The ME (EC 1 . 1 . 1 . 4 0 )  a s s a y  m ix tu re  c o n ta in e d  3 .0  ml t o t a l  vo lum e, 
0 .5  ml sam ple e x t r a c t ,  40 mM MOPS (pH 7 . 0 ) ,  2 mM MgCL^, 0 .4  mM 
NADP, and 2 .2  mM m a la t e .  The r e a c t i o n  was s t a r t e d  was s t a r t e d  by 
ad d in g  m a la te  t o  th e  r e a c t i o n  c u v e t t e .  A d d i t i o n a l  a c t i v i t y  due to  
NADP-malate d e h y d ro g e n a s e ,  i f  p r e s e n t ,  was p ro b a b ly  n e g l i g i b l e  u n d e r  
th e  c o n d i t i o n s  o f  t h i s  a s s a y  ( Jo h n so n  and H a tc h ,  1970).
The ADH (EC 1 . 1 . 1 . 1 )  a s s a y  m ix tu re  c o n ta in e d  3 .0  ml t o t a l  vo lum e, 
0 .1  ml sam ple e x t r a c t ,  40 mM MOPS (pH 7 . 0 ) ,  2 mM M g C ^ . 0 .2  NADH, 
and 10 mM a c e t a l d e h y d e .  The r e a c t i o n  was s t a r t e d  by ad d in g  
a c e ta ld e h y d e  t o  th e  r e a c t i o n  c u v e t t e .
S t a t i s t i c a l  A n a ly s e s :
The d a t a  from  th e  s i x  v a r i a b l e s ;  ADH, ME, C^, CC^, m a la t e ,  
and e t h a n o l ;  w ere a n a ly z e d  u s in g  p r e s e l e c t e d  c o n t r a s t s  w i t h i n  and 
be tw een  g re e n  a s h  and w a te r  oak  t r e a t m e n t s .  The r e s p o n s e s  o f  g re e n  
a s h  t o  t h e  f o l l o w i n g  t r e a t m e n t s :  0% CC^, 5% 21%
C02» and 37% CC^, w ere c o n t r a s t e d  b ased  on a s e t  o f  
o r th o g o n a l  m u l t i p l i e r s  o b ta in e d  from  th e  SAS ORPOL p ro c e d u re  (SAS 
1982) f o r  t h e  d e t e r m i n a t i o n  o f  f i t  f o r  l i n e a r ,  q u a d r a t i c  and c u b ic  
m o d e ls .  T h is  was n o t  p o s s i b l e  i n  th e  c a s e  o f  w a te r  oak  b e c a u se  o f  
i n s u f f i c i e n t  t r e a t m e n t s .  See ap p e n d ix  one a t  th e  end o f  t h i s  c h a p t e r  
f o r  th e  means and s t a n d a r d  e r r o r s  o f  eac h  t r e a t m e n t .
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RESULTS
A lco h o l  D ehydrogenase  and M a lic  Enzyme:
The ADH a c t i v i t y  (T a b le  1 , F ig .  l a )  i n c r e a s e d  s i g n i f i c a n t l y  i n  th e  
r o o t s  o f  b o th  s p e c i e s  a s  a  r e s u l t  o f  i n c r e a s e d  CC^ c o n c e n t r a t i o n  
u n d e r  a n a e r o b ic  r o o t  c o n d i t i o n s .  M a lic  enzyme a c t i v i t y  (T a b le  1,
F i g . l b )  a l s o  i n c r e a s e d  i n  b o th  s p e c i e s  a s  a  r e s u l t  o f  i n c r e a s i n g  
CO^ c o n c e n t r a t i o n s  u n d e r  a n a e r o b i o s i s .  T h is  r e l a t i o n s h i p  was 
s i g n i f i c a n t  a s  b o th  a l i n e a r  and q u a d r a t i c  r e s p o n s e .  I n  th e  c a s e  of 
ADH, th e  q u a d r a t i c  r e s p o n s e  was th e  r e s u l t  o f  an  upward i n f l e c t i o n  
be tw een  21% and 37%, w h i le  f o r  ME t h e r e  was a downward i n f l e c t i o n  a t  
t h i s  p o i n t .
A lthough  some s i g n i f i c a n t  d i f f e r e n c e s  i n  ADH and ME a c t i v i t i e s  
be tw een  th e  two s p e c i e s  w ere  e v i d e n t ,  com parison  of enzyme a c t i v i t i e s  
be tw een  th e  s p e c i e s  was p r o b l e m a t i c a l  b eca u se  o f  u n eq u a l  r e c o v e ry  
r a t e s  ( s e e  C h a p te r  T h r e e ) .  I n  a s e p a r a t e  e x p e r im e n t ,  known amounts of 
ADH and ME w ere added to  t h e  g r in d i n g  b u f f e r s  o f  f r e s h  g re e n  a s h  and 
w a te r  oak  r o o t s .  The r e c o v e ry  o f  ADH and ME was 100% and 76% f o r  
g re e n  a s h ;  and 70% and 29% f o r  w a te r  o a k ,  r e s p e c t i v e l y  
( u n r e p l i c a t e d ) .  The d i f f e r e n c e  be tw een  s p e c i e s  was n o t  s u r p r i s i n g ,  
g iv e n  th e  e x t r e m e ly  h ig h  t a n n i n  l e v e l s  c h a r a c t e r i s t i c  o f  oaks  ( s e e  
C h a p te r  T h re e ) .
page 95
Table 1. Probabilities of greater F than observed for selected contrasts.
*
Contrast ADH ME 02 C02 MALATE
a) Ash vs Oak: Air 0.3984 0.0412 0.0001 0.0562 0.2080
b) Ash vs Oak: 0% C02 0.0405 0.2321 0.2416 0.9618 0.0034
c) Ash vs Oak: 21% C02 0.0442 0.0451 0.2098 0.0001 0.1907
d) Ash: Air vs 0% C02 0.0056 0.2115 0.0001 0.3535 0.1739
e) Oak: Air vs 0% C02 0.9570 0.7080 0.0001 0.0032 0.0044
f) Ash: 0% C02 vs 21% C02 0.0001 0.0006 0.2166 0.0001 0.2583
g) Oak: 0% C02 vs 21% C02 0.0001 0.0068 0.3137 0.0001 0.4627
h) Ash: 0% C02 vs grease 0.5258 0.7939 0.0295 0.1946 0.9256
i) Ash: linear model 0.0001 0.0043 0.0238 0.0001 0.1498
j) Ash: quadratic model 0.0106 0.0178 0.9752 0.8318 0.5457













"Air refers to the aerobic treatment: 21% O2 (the balance gas of each 
treatment was purified N̂ ); 0% C02 is equivalent to 100% N̂ . Grease 
designates that stopcock grease was applied to basal 25 cm of stem.
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F ig u r e  1. a )  A lc o h o l  d eh y d ro g e n a se  a c t i v i t i e s  i n  w a te r  oak  and g re e n  
a s h  r o o t s ,  b) NADP-malic enzyme a c t i v i t i e s .  " A i r "  r e f e r s  t o  th e  
a e r o b i c  t r e a t m e n t :  21% C> 2  ( b a la n c e  g as  o f  e a c h  t r e a tm e n t  was p u r i f i e d  
N2 ) ;  0% C02 i s  e q u i v a l e n t  t o  100% N2 ; 5%, 21% and 37% r e f e r  t o  t r e a t ­
ment l e v e l s  o f  C02 i n  t h e  s o i l  a tm o s p h e re .  G rease  d e s i g n a t e s  t h a t  
s to p c o c k  g r e a s e  was a p p l i e d  t o  b a s a l  25 cm o f  s tem  and t h a t  t h e  s o i l  
a tm o sp h e re  was 100% N2 *
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C arbon D io x id e :
I n t e r n a l  CO^ o f  b o th  s p e c i e s  (T a b le  1 , F ig .  2a )  was 
s i g n i f i c a n t l y  h i g h e r  i n  t h e  21% t r e a t m e n t  th a n  i n  t h e  0%
CC> 2  t r e a t m e n t .  However, t h e  CC^ c o n c e n t r a t i o n  w i t h i n  th e  
w a te r  oak  r o o t s  a t  t h e  21% CC^ t r e a t m e n t  was o v e r  tw ic e  a s  h ig h  
a s  t h a t  o f  th e  g r e e n  a s h  a t  t h i s  t r e a t m e n t .  The i n t e r n a l  r o o t  
C( > 2  was s i g n i f i c a n t l y  lo w er  i n  th e  w a te r  oak  a e r o b i c  t r e a tm e n t  
t h a n  i n  0% CC^. A h i g h l y  s i g n i f i c a n t  l i n e a r  i n c r e a s e  i n  g re e n  
a s h  CO2  w i th  i n c r e a s i n g  CC^ i n  th e  r o o t  e n v iro n m en t was 
o b s e rv e d .
Oxygen:
The a e r o b i c  t r e a tm e n t  o f  b o th  s p e c i e s  r e s u l t e d  i n  g r e a t e r  i n t e r n a l  
O2  c o n c e n t r a t i o n  th a n  t h e  0% CO2  t r e a tm e n t  (T a b le  1 ,  F ig .
2 b ) .  There  was s i g n i f i c a n t l y  h ig h e r  O2  i n  th e  a e r o b i c  t r e a tm e n t  
o f  g r e e n  a s h  th a n  f o r  t h e  a e r o b i c  t r e a t m e n t  o f  w a te r  oak .  I n  th e  
g r e e n  a s h ,  th e  p r e s e n c e  o f  s to p c o c k  g r e a s e  on th e  b a s a l  25 cm of  th e  
s tem  r e s u l t e d  i n  a s i g n i f i c a n t  d e c r e a s e  i n  O2  from  4.5% to  2.4%.
A ls o ,  t h e r e  was a s i g n i f i c a n t  l i n e a r  d e c r e a s e  i n  O2  w hich  was 
a s s o c i a t e d  w i th  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  t r e a tm e n t  CC^.
E th a n o l :
E th a n o l  was s i g n i f i c a n t l y  h i g h e r  i n  th e  oak  r o o t s  i n  0% CC> 2  
t h a n  i n  t h e  a e r o b i c  t r e a t m e n t ,  and i n  21% th a n  i n  0% CC^
(T a b le  1, F ig .  3 a ) .  The g r e e n  a s h  r o o t s  e x h i b i t e d  a s i g n i f i c a n t  
l i n e a r  i n c r e a s e  i n  e t h a n o l  w i th  i n c r e a s i n g  CC^* However, t h e r e
Water Oak Green Ash
MEAN 
8 0  -I
A IR  0 *  2 1 *  A IR  GREASE 0 *  5 *  2 1 *  3 7 *
W a t e r  O a k  G r e e n  A s h
MEAN 
20 H
A IR  O S  2 1 *  A IR  G REASE OX 5 *  2 1 *  3 7 *
F ig u r e  2 . a )  Carbon d io x id e  l e v e l s  ( v /v )  i n  w a te r  oak  and g r e e n  a s h  
r o o t s ,  b )  Oxygen l e v e l s  i n  w a te r  oak and g re e n  a sh  r o o t s .  See F ig u r e  1 
f o r  e x p l a n a t i o n  o f  t r e a t m e n t s .
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F ig u r e  3 . a )  E th a n o l  c o n t e n t  o f  w a te r  oak and g re e n  a s h .  b) M a la te  
c o n te n t  o f  w a te r  oak and g re e n  a s h .  See F ig u r e  1 f o r  e x p l a n a t i o n  o f  
t r e a t m e n t s .
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was no s i g n i f i c a n t  d i f f e r e n c e  be tw een  th e  a e r o b i c  t r e a tm e n t  and 0%
CO^ as  was th e  c a s e  w i th  th e  w a te r  oak r o o t s .  E th a n o l  
c o n c e n t r a t i o n  i n  th e  w a te r  oak was c o n s i s t e n t l y  g r e a t e r  th a n  f o r  
g r e e n  a s h .
M a la te :
M a la te  c o n c e n t r a t i o n  i n  th e  w a te r  oak was s i g n i f i c a n t l y  h ig h e r  f o r  
t h e  a e r o b i c  t r e a tm e n t  th a n  i n  0% (X^ (T a b le  1 , F i g . 3 b ) .  The o n ly  
s i g n i f i c a n t  i n t e r s p e c i f i c  d i f f e r e n c e  among m a la te  c o n c e n t r a t i o n s  was 
a t  th e  0% CO2  t r e a t m e n t :  g re e n  a s h  c o n ta in e d  more.
DISCUSSION
Both s p e c i e s  re sp o n d ed  to  e l e v a t e d  CC^ u n d e r  a n a e r o b ic  
c o n d i t i o n s  w i th  s i g n i f i c a n t l y  h i g h e r  e t h a n o l  c o n c e n t r a t i o n s  and ADH 
and ME a c t i v i t i e s  ( F i g . .  1 , a & b ) .  T h is  i s  e v id e n c e  t h a t  e l e v a t e d  
CO2  l e v e l s  a f f e c t e d  th e  r a t e  o f  a n a e r o b ic  r e s p i r a t i o n  i n  b o th  
s p e c i e s .  A lthough  no p r e v io u s  s t u d i e s  have i n v e s t i g a t e d  th e  e f f e c t s  
o f  CO2  on a n a e r o b ic  r o o t  m e tab o lism  of i n t a c t  p l a n t s ,  enhanced  
a l c o h o l i c  f e r m e n t a t i o n  and m a la te  m e tab o l ism  r e s u l t i n g  from  e l e v a t e d  
C( > 2  c o n c e n t r a t i o n s  have been  r e p o r t e d  to  o c c u r  i n  pea  se e d s  
(W ager, 1961; W ager, 1974) and d e ta c h e d  r o o t s  (Chang, e t  a l . , 1983; 
R o b e r t s  e t  a l . , 1984 ) .  I n  eac h  o f  th e  a fo re m e n t io n e d  c a s e s ,  th e  
a u t h o r s  s u g g e s te d  t h a t  t h e s e  r e s p o n s e s  p la y e d  a r o l e  i n  b u f f e r i n g  
c y to p la s m ic  pH.
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The r e s u l t s  o f  t h i s  s tu d y  s u g g e s t  t h a t  th e  i n c r e a s i n g  l e v e l s  of 
CO2  low ered  th e  pH o f  th e  c y to p la sm  w hich i n  t u r n  was r e s p o n s i b l e  
f o r  th e  i n c r e a s e d  a c t i v i t y  o f  ME i n  b o th  s p e c i e s .  D av ies  (1973) 
p o in t e d  o u t  t h a t  u n d e r  p h y s i o l o g i c a l  c o n c e n t r a t i o n s  o f  s u b s t r a t e s ,  ME 
h a s  an  a c i d i c  optimum ( v i z . ,  a t  pH = 6 . 6 ) .  I n c r e a s e d  a c t i v i t y  o f  ME 
would d e c a r b o x y la t e  m a la te  f a s t e r  and th u s  p r o v id e  more p y ru v a te  
w h ich ,  u n d e r  th e  c o n d i t i o n s  o f  t h i s  e x p e r im e n t ,  was a p p a r e n t l y  
s h u n te d  i n t o  e t h a n o l  p r o d u c t i o n  v i a  ADH (C h irk o v a  e t  a l . , 1974 ) .
R o b e r t s  e t  a l .  (1982) d e m o n s t r a te d  t h a t  h y p o x ia  can  re d u c e  t h e  
c y to p la s m ic  pH o f  m aize r o o t  t i p s  and th e y  s u g g e s te d  t h a t  a l c o h o l i c  
f e r m e n t a t i o n  p r e v e n te d  a  f u r t h e r  d e c l i n e  i n  pH th ro u g h  th e  a s s o c i a t e d  
fo r m a t io n  and r e l e a s e  o f  CC^ from  th e  c y to p la s m .  An a d d i t i o n  o f  
exogenous CC^ u n d e r  h y p o x ic  c o n d i t i o n s  f u r t h e r  red u c e d  th e  
c y to p la s m ic  pH, and t h i s  a d d i t i o n a l  pH d rop  re d u c e d  th e  l e n g t h  o f  
t im e  t h a t  m aize  r o o t  t i p s  t o l e r a t e d  hyp o x ia  ( R o b e r ts  e t  a l . , 1984 ) .  
M aize g e n o ty p e s  d e f i c i e n t  i n  a c t i v e  ADH l i k e w i s e  re sp o n d ed  to  h ypox ia  
w i th  a c c e l e r a t e d  c y to p la s m ic  a c i d o s i s  and d im in is h e d  s u r v i v a l  
( R o b e r ts  e t  a l . , 1984).  T h e i r  r e s u l t s  i n d i c a t e d  t h a t  th e  s u p e r i o r  
f lo o d  t o l e r a n c e  o f  m aize  i n  co m p ar iso n  w i th  th e  f l o o d - s e n s i t i v e  pea 
was r e l a t e d  t o  th e  f o r m e r ' s  g r e a t e r  a b i l i t y  t o  p r e v e n t  c y to p la s m ic  
a c i d o s i s .  S i m i l a r l y ,  t h e  i n c r e a s e  i n  a l c o h o l i c  f e r m e n ta t io n  i n  g re e n  
a s h  may h e lp  b u f f e r  c y to p la s m ic  pH when CC> 2  c o n c e n t r a t i o n s  a r e  
e l e v a t e d  d u r in g  h y p o x ia .
C o r r e l a t i o n s  betw een e t h a n o l  a c c u m u la t io n  and f lo o d  i n t o l e r a n c e  
have  been  r e p o r t e d  by many w o rk e r s .  F o r  exam ple ,  B a r ta  (1984) 
compared f l o o d - i n t o l e r a n t  M edicago s a t i v a  L. w i th  f l o o d - t o l e r a n t
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L o tu s  c o r n i c u l a t u s  L . : t h e  f l o o d - i n t o l e r a n t  s p e c i e s  accu m u la ted  
e t h a n o l  t o  a much g r e a t e r  e x t e n t .  L ik e w is e ,  C raw ford  and B a ines  
(19 7 7 )  found  t h a t  u n d e r  f lo o d e d  c o n d i t i o n s  f l o o d - t o l e r a n t  P in u s  
c o n t o r t u s  ac c u m u la te d  o n ly  0 .7  um oles g * f r e s h  w t.  o f  e t h a n o l  a s  
compared t o  5 um oles g * f r e s h  wt f o r  f l o o d - i n t o l e r a n t  P ic e a  
s l t c h e n s i s  u n d e r  s i m i l a r  c o n d i t i o n s .  The a s s u m p tio n  t h a t  th e s e  
l e v e l s  a r e  t o x i c  h a s  b een  d i s p u te d  ( J a c k s o n  e t  a l . ,  1982); how ever,  
t h i s  i s s u e  h as  n o t  been  r e s o lv e d  b e c a u se  d i f f e r e n c e s  i n  ex o g en o u s ly  
and en d o g en o u s ly  p roduced  e t h a n o l  h a s  n o t  been  a d e q u a te ly  a d d re s s e d  
t o  d a t e .
The m e ta b o l i c  s w i tc h  h y p o th e s i s  s t a t e s  t h a t  f l o o d - t o l e r a n t  p l a n t s  
a v o id  a l c o h o l i c  f e r m e n t a t i o n  by s t i m u l a t i n g  a l t e r n a t e  a n a e r o b ic  
pa thw ays  w hich  p ro d u ce  l e s s  t o x i c  p r o d u c ts  su ch  a s  m a la te  (C raw fo rd ,  
197 8 ) ;  i . e . ,  f l o o d - t o l e r a n t  p l a n t s  would have g r e a t e r  
a n a e r o b i c / a e r o b i c  m a la te  l e v e l s  th a n  f l o o d - i n t o l e r a n t  p l a n t s .  I n  
t h i s  e x p e r im e n t  n e i t h e r  g r e e n  a s h  n o r  w a te r  oak  accu m u la ted  m a la te  
u n d e r  a n a e r o b i o s i s .  However, t h e r e  was s i g n i f i c a n t l y  more m a la te  i n  
t h e  oak r o o t s  u n d e r  a e r o b i c  c o n d i t i o n s  a s  compared w i th  t h e  0%
CC> 2  t r e a t m e n t ,  w hereas  g r e e n  a s h  m a la te  a t  21% 0^ and 0%
CC> 2  w ere  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( F i g . 3 b ,  T a b l e l ) .  Thus, th e  
a n a e r o b i c / a e r o b i c  m a la te  l e v e l s  i n  g r e e n  a s h  (78.0% ) and w a te r  oak  
(33.2% ) c o r re s p o n d  to  t h o s e  s u g g e s te d  by th e  m e ta b o l i c  s w i tc h  
h y p o t h e s i s .
There  i s  e v id e n c e  from  s e v e r a l  d i f f e r e n t  s p e c i e s  t h a t  m a la te  
d e c a r b o x y la t i o n  u n d e r  a n a e r o b ic  c o n d i t i o n s  may be more c h a r a c t e r i s t i c  
o f  f l o o d - i n t o l e r a n t  th a n  f l o o d - t o l e r a n t  p l a n t  s p e c i e s .  T r i p e p i  and
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M i t c h e l l  (1984 )  r e p o r t e d  a s i m i l a r  d e c l i n e  i n  m a la te  c o n c e n t r a t i o n  i n  
th e  r o o t s  o f  two t r e e  s p e c i e s ,  B e tu la  n i g r a  L. and B e tu la  p en d u la  
R o t h . , u n d e r  a n a e r o b ic  s o l u t i o n  c u l t u r e .  I n  t h e i r  w ork , a s  i n  th e  
p r e s e n t  s tu d y  ( F i g .  3 b ) ,  a n a e ro b o b ic  c o n d i t i o n s  s t i m u l a t e d  a much 
g r e a t e r  d e c l i n e  i n  m a la te  i n  th e  l e s s  f l o o d - t o l e r a n t  s p e c i e s .  
S i m i l a r l y ,  i n  a s tu d y  in v o l v i n g  r o o t s  from  t h r e e  f l o o d - t o l e r a n t  
s p e c i e s ,  Sm ith and ap Rees (1 9 7 9 a)  r e p o r t e d  a v e ry  s m a l l  d e c r e a s e  i n  
m a la te  c o n c e n t r a t i o n  r e s u l t i n g  from  240 min a n a e r o b i o s i s  ( 0 .2 0  t o  
0 .91  umole g * f  w t ) ;  how ever ,  i n  r o o t s  o f  f l o o d - i n t o l e r a n t  Pisum 
s a t i v a , th e  a n a e r o b ic  t r e a t m e n t  in d u c e d  a d e c r e a s e  i n  m a la te  o f  2 .2 9  
umoles g * f r .  wt (S m ith  and ap R e e s ,  1979b).
D i f f e r e n c e s  i n  a e r a t i o n  and m e ta b o l i c  r e s p o n s e s  a r e  n o t  m u tu a l ly  
e x c l u s i v e ,  and i t  i s  l i k e l y  t h a t  b o th  c o n t r i b u t e d  t o  th e  o b se rv ed  
d i f f e r e n c e s  be tw een  g re e n  a s h  and w a te r  oak i n  r e s p o n s e  to  e l e v a t e d  
s o i l  CC^. W ater oak  r o o t s  c o n s i s t e n t l y  had h ig h e r  l e v e l s  of 
e t h a n o l  th a n  g re e n  a s h ,  and re sp o n d ed  to  e l e v a t e d  CC^ l e v e l s  w i th  
much h i g h e r  i n t e r n a l  CC^ l e v e l s .  These  two f a c t s  may be p a r t l y  
r e s p o n s i b l e  f o r  t h e  s u p e r i o r  f lo o d  t o l e r a n c e  o f  g re e n  a s h ,  and b o th  
c o u ld  have  r e s u l t e d  from  d i f f e r e n c e s  i n  r o o t  a e r a t i o n .  B e t t e r  
a e r a t i o n  o f  t h e  g r e e n  a s h  r o o t s  was i n d i r e c t l y  i n d i c a t e d  by th e  f a c t  
t h a t  th e y  c o n ta in e d  a b o u t  6% more th a n  th e  w a te r  oak r o o t s  
u n d e r  a e r o b i c  c o n d i t i o n s  ( F i g .  2 b ) .  However, th e  f a c t  t h a t  th e  w a te r  
oak  r o o t s  c o n ta in e d  o v e r  tw ic e  a s  much (X^ u n d e r  th e  21% CC^ 
t r e a tm e n t  th a n  th e  g r e e n  a s h  r o o t s  ( F i g .  2 a ) ,  s u g g e s t s  t h a t  
d i f f e r e n c e s  i n  r e s p i r a t i o n  may a l s o  be p a r t l y  r e s p o n s i b l e  f o r  th e  
much h ig h e r  l e v e l s  o f  CC^ i n  t h e  oak  r o o t s .
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When th e  b a s a l  25 cm o f  g r e e n  a s h  w ere b lo c k ed  w i th  s to p c o c k  
g r e a s e ,  t h e r e  was a s i g n i f i c a n t  d e c r e a s e  i n  r o o t  0^ (T a b le  1 ) .
T h is  r e s p o n s e  was l e s s  d r a m a t i c  th a n  e x p e c te d  (A rm strong  1968).  I t  
i s  l i k e l y  t h a t  f l o o d - a c c l i m a t i z e d  s e e d l i n g s  would have d e m o n s t ra te d  a 
much g r e a t e r  dependence  on l e n t i c e l s  f o r  a e r a t i o n .  A f t e r  ab o u t  two 
weeks o f  c o n t in u o u s  f l o o d i n g ,  g re e n  a s h  s e e d l i n g s  p roduce  
h y p e r t r o p h i e d  l e n t i c e l s ,  and a d v e n t i t i o u s  r o o t s  a f t e r  f o u r  w eeks; 
w hereas  w a te r  oaks do n o t  ( s e e  C h a p te r  S ix ) .  One would e x p e c t  t h a t  
a f t e r  th e  i n d u c t i o n  o f  t h e s e  t r a i t s  w hich  enhance  r o o t  a e r a t i o n  (Hook 
e t  a l . , 1971; Sena Gomes and K o z lo w s k i ,  1980; Tang and K o z lo w sk i,  
1 9 8 4 ) ,  th e  d i f f e r e n c e s  i n  e t h a n o l  and CO^ a c c u m u la t io n  ( s e e  
C h a p te r  S ix )  would be more p ronounced  th a n  i n  th e  
n o n - f lo o d - a c c l im a te d  s e e d l i n g s  used  i n  t h i s  e x p e r im e n t .
F lood  t o l e r a n c e  i n  p l a n t s  i s  u s u a l l y  a s c r i b e d  e i t h e r  t o  
m o rp h o lo g ic a l  o r  p h y s i o l o g i c a l  p r o c e s s e s .  S e v e r a l  i n v e s t i g a t o r s  
co n te n d  t h a t  f lo o d  t o l e r a n c e  i s  d e p e n d e n t  on th e  a b i l i t y  t o  a v o id  
a n a e r o b ic  c o n d i t i o n s  by p o s s e s s in g  a w e l l  d ev e lo p ed  a i r - s p a c e  system  
w hich a l lo w s  f o r  th e  movement o f  a i r  th ro u g h  th e  p l a n t  t o  r o o t s  (Webb 
and A rm strong ,  1983; ap Rees and W ils o n ,  19 8 4 ) .  C o n tra ry  t o  t h i s ,  
o t h e r  r e s e a r c h e r s  have i n d i c a t e d  t h a t  p h y s i o l o g i c a l  a d a p t a t i o n s  a r e  
o f  param ount im p o r ta n c e :  e . g .  th e  m e ta b o l i c  s w i tc h  h y p o t h e s i s ,  
w h e re in  th e  f lo o d  t o l e r a n t s  a c c u m u la te  r e l a t i v e l y  n o n - to x i c  m a la te  i n  
l i e u  o f  e t h a n o l  (McManmon and  C raw fo rd ,  1971; L i n h a r t  and B aker,
1973); and th e  com pensa to ry  h y p o th e s i s  whereby f lo o d  t o l e r a n c e  
r e s u l t s  from  ATP p r o d u c t i o n  a r i s i n g  from  in c r e a s e d  a l c o h o l i c  
f e r m e n t a t i o n  (Hochachka and Somero, 1973; T r ip e p i  and M i t c h e l l ,
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19 8 4 ) .  However, t h e  e c o l o g i c a l  im p o r ta n c e  o f  e l e v a t e d  s o i l  (X^ 
c o n c e n t r a t i o n s  (Hook e t  a l . , 1970; Ponnamperuma e t  a l . , 1966) has  
been  v i r t u a l l y  ig n o r e d .  T h is  s tu d y  i n d i c a t e d  t h a t ,  c o n t r a r y  t o  p r i o r  
a s s e r t i o n s  (W il l ia m so n ,  1970; C raw fo rd ,  1 9 8 2 ) ,  s o i l  CO2  can  
r e s u l t  i n  s i g n i f i c a n t  p h y s i o l o g i c a l  r e s p o n s e s  t h a t  a r e  p ro b a b ly  
m e d ia te d  i n  p a r t  by d i f f e r e n c e s  i n  m orpho logy , and t h a t  th e s e  
r e s p o n s e s  a r e  r e l e v a n t  t o  f lo o d  t o l e r a n c e .
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Appendix 1. Means and standard errors of ADH, ME, 02,
*































































































(0.70), 6 (0.04), 6
3.91 0.58
(0.76), 6 (0.06), 6
3.83 0.35
(0.75), 6 (0.05), 5
4.38 0.42




(0.46), 6 (0.11), 6
3.86 1.19
(0.71), 5 (0.12), 6
1.28 2.07
(0.19), 5 (0.12), 6
1.89 2.45
(0.25), 6 (0.17), 6
Air refers to the aerobic treatment: 21% 0^ (the balance gas of each 
treatment was purified Nj); 0% C02 is equivalent to 100% Nj. Grease 




Gas C om p o s it io n  and R e s p i r a t i o n  o f  W ater Oak 
and G reen Ash R oo ts  A f t e r  P ro lo n g e d  F lo o d in g
ABSTRACT. The e f f e c t s  o f  a 9 .5  months c o n t in u o u s  f lo o d i n g  t r e a tm e n t  
was compared w i th  a d r a in e d  c o n t r o l  t r e a tm e n t  on o n e - y e a r - o l d  
s e e d l i n g s  o f  g re e n  a s h  ( F r a x in u s  p e n n s y lv a n ic a  M a rsh .)  and w a te r  oak 
( Q uercus n i g r a  L . ) ,  two t r e e  s p e c i e s  common to  th e
bo ttom land -hardw ood  f o r e s t s  o f  e a s t e r n  N o r th  A m erica. The i n t e r n a l  
r o o t  g as  c o m p o s i t io n  o f  th e  more f l o o d - t o l e r a n t  s p e c i e s ,  g re e n  a s h ,  
m a in ta in e d  h ig h e r  oxygen and lo w er  ca rb o n  d io x i d e  c o n c e n t r a t i o n s  
u n d e r  th e  f l o o d i n g  t r e a tm e n t  th a n  w a te r  oak .  T h is  a p p a r e n t ly  
r e s u l t e d  i n  d i f f e r e n c e s  i n  r h i z o s p h e r e  o x i d a t i o n .  The amounts o f  Fe 
and Mn and th e  Fe/Mn r a t i o  o f  th e  r o o t  c o a t i n g  e x t r a c t e d  from t r e e s  
i n  red u ce d  s o i l  c o n d i t i o n s  w ere much h ig h e r  f o r  th e  g r e e n  a s h  th a n  
th e  w a te r  oak .  I t  i s  a rg u e d  t h a t  t h i s  r e f l e c t s  d i f f e r e n c e s  i n  th e  
a b i l i t y  o f  th e s e  two s p e c i e s  t o  m a in t a i n  r h i z o s p h e r e  o x i d a t i o n  under  
p ro lo n g e d  p e r io d s  o f  f l o o d i n g  and to  p r e v e n t  th e  a c c u m u la t io n  o f  
red u ce d  and p o t e n t i a l l y  p h y to t o x i c  compounds. A lco h o l dehyd ro g en ase  
a c t i v i t y  i n c r e a s e d  i n  th e  g r e e n  a s h  and d e c re a s e d  i n  t h e  w a te r  oak  i n  
th e  f lo o d e d  t r e a t m e n t .  T h is  i n d i c a t e d  t h a t  th e  b e t t e r  a d a p te d  
s p e c i e s  was a b l e  t o  r e l y  upon in c r e a s e d  a n a e r o b ic  r e s p i r a t i o n  i n  
o r d e r  t o  com pensa te  f o r  t h e  d e c r e a s e d  r o o t  oxygen s u p p ly ,  b u t  th e  
w a te r  oak  was u n a b le  t o  m a in t a i n  p r e v io u s  l e v e l s  o f  r e s p i r a t i o n ,  
p ro b a b ly  a s  th e  r e s u l t  o f  s u l f i d e  t o x i c i t y .
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INTRODUCTION
The v a r y in g  d e g r e e s  o f  f lo o d  t o l e r a n c e  e x h i b i t e d  by t r e e  s p e c i e s  
r e s u l t s  i n  th e  w e l l  known c o r r e l a t i o n s  o f  f o r e s t  ty p e  w i th  f l o o d i n g  
i n t e n s i t y - d u r a t i o n  g r a d i e n t s  (Day and Monk, 1974; B e l l  and D elM oral,  
1977; P e e t  and L o u ck s ,  1977; K e e le y ,  1979; McEvoy e t  a l . ,  1980 ) .
G reen a s h  ( F ra x in u s  p e n n s y lv a n ic a  M a r s h . ) i s  c o n s id e r e d  to  be a 
f l o o d - t o l e r a n t  t r e e  (Hook and Brown, 1 9 7 3 ) ,  w h i le  w a te r  oak ( Q uercus 
n i g r a  L . )  i s  l e s s  so ( P a t r i c k  e t  a l . , 19 8 1 ) .  T h is  s u g g e s t s  t h a t  th e  
r o o t  sy s tem s  o f  t h e s e  two s p e c i e s  w i l l  re sp o n d  d i f f e r e n t l y  un d er  
c o n d i t i o n s  o f  p ro lo n g e d  f l o o d i n g ,  and t h a t  a co m p ar iso n  o f  th e s e  
d i f f e r e n c e s  s h o u ld  shed  l i g h t  on th e  u n d e r ly i n g  a d a p t iv e  m echanism s.
The p e r m e a b i l i t y  o f  r o o t s  t o  g a s e s  from  th e  a e r i a l  p a r t  o f  th e  
s tem  can  be an  im p o r ta n t  a d a p t a t i o n  to  f l o o d i n g  b e c a u se  t h i s  p ro v id e s  
f o r  g r e a t e r  a e r o b i c  r e s p i r a t i o n  and f o r  o x i d a t i o n  o f  th e  r h i z o s p h e r e .  
A e ro b ic  r e s p i r a t i o n  i s  much more e f f i c i e n t  th a n  a n a e r o b ic :  36 m oles 
o f  ATP p e r  mole o f  g lu c o s e  v s .  tw o , r e s p e c t i v e l y .  R h iz o sp h e re  
o x i d a t i o n  can  a m e l i o r a t e  t h e  e f f e c t s  o f  s e v e r a l  p o t e n t i a l  p h y to to x in s  
c h a r a c t e r i s t i c  o f  red u ce d  s o i l s ,  e . g .  red u c e d  i r o n  and m anganese , and 
^ S .  T hus ,  th e  d i f f u s i o n  o f  g a s e s  from  th e  a tm o sp h e re  i n t o  th e  
r o o t s  i s  l i k e l y  to  be an  im p o r ta n t  c h a r a c t e r i s t i c  o f  th e  r e l a t i v e l y  
few t r e e  s p e c i e s  a b l e  t o  en d u re  p ro lo n g e d  p e r i o d s  o f  f l o o d i n g .  The 
p u rp o se  o f  t h i s  s tu d y  was to  i n v e s t i g a t e  th e  r e s p o n s e  o f  a t r e e  
s p e c i e s  w hich  i s  a d a p te d  t o  p ro lo n g e d  p e r i o n s  o f  f l o o d i n g ,  g r e e n  a s h ,  
and compare t h i s  w i th  a l e s s  f lo o d  t o l e r a n t  t r e e  s p e c i e s ,  w a te r  oak .
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The v a r i a b l e s  exam ined In c lu d e d  th e  i n t e r n a l  r o o t  g as  c o m p o s i t io n ;  
th e  a c c u m u la t io n  o f  F e ,  Mn, and P i n  t h e  l e a f  t i s s u e  and r o o t  
c o a t i n g ;  and th e  r o o t  a l c o h o l  d e h y d ro g en a se  a c t i v i t y ,  m a la te  and 
s o l u b l e  p r o t e i n .
MATERIALS AND METHODS
P l a n t  M a t e r i a l :
O n e - y e a r - o ld ,  b a r e - r o o t e d  s e e d l i n g s  o f  g re e n  a s h  and w a te r  oak  
w ere o b ta in e d  from  th e  O f f i c e  o f  F o r e s t r y ,  La. D ept,  o f  N a tu r a l  
R e s o u rc e s  from  t h e i r  n u r s e r y  a t  C olum bia ,  La.
S o i l :
A Commerce s i l t  loam was o b ta in e d  from  th e  plow l a y e r  o f  a f i e l d  
a t  t h e  S t .  G a b r i e l  Sugar Cane E xp erim en t S t a t i o n ,  La . T h is  s o i l  had 
p r e v i o u s l y  been  u n d e r  s u g a r  cane c u l t i v a t i o n .  An a v e ra g e  o f  5 ,0 0 0  g 
was added to  tw o - g a l lo n  p l a s t i c  p o t s  w hich  had d r a in a g e  h o le s  i n  th e  
b o tto m .
E x p e r im e n ta l  D es ig n :
The t r e a t m e n t s  w ere  a p p l i e d  i n  a 2 x 2 f a c t o r i a l  a r ra n g e m e n t .
E i t h e r  a g r e e n  a s h  o r  w a te r  oak  s e e d l i n g  was p la c e d  i n  e a c h  p o t .  A l l  
t r e e s  w ere grown u n d e r  w e l l - d r a i n e d  c o n d i t i o n s  p r i o r  to  th e  f l o o d i n g  
t r e a t m e n t .  F lo o d in g  c o n s i s t e d  o f  subm erg ing  th e  p o ts  i n  a t a n k  o f  
w a te r  so t h a t  th e  s o i l  s u r f a c e  was a t  a d e p th  o f  10 cm. The
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t r e a tm e n t  and c o n t r o l  g ro u p s  were k e p t  un d er  a s h e l t e r  made o f  
t r a n s p a r e n t  p o ly e th y le n e  s h e e t i n g  m a t e r i a l  w hich  p e r m i t t e d  71% 
t r a n s m i s s i o n  o f  am b ien t s u n l i g h t  i n t e n s i t y .  The s i d e s  o f  th e  
s t r u c t u r e  w ere open .
A l l  c o n t r o l  p o t s  were w a te re d  w henever any o f  th e  t r e e s  showed 
s i g n s  o f  w i l t i n g .  The f l o o d i n g  t r e a tm e n t  began  i n  m id - J u ly  and 
c o n t in u e d  u n t i l  t h e  b e g in n in g  o f  May, t h e  f o l lo w in g  y e a r  -  
a p p ro x im a te ly  9 .5  m onths.  The w a te r  l e v e l  i n  th e  f l o o d i n g  p o t s  was 
m a in ta in e d  th ro u g h o u t  th e  e n t i r e  p e r i o d .  The t r e e s  w ere dorm ant from 
mid-March u n t i l  l a t e  December.
S o i l  Redox P o t e n t i a l :
Redox p o t e n t i a l  (Eh) m easurem en ts  w ere ta k e n  i n  d u p l i c a t e  i n  o r d e r  
t o  a s s e s s  th e  v a r i a t i o n  w i t h i n  each  p o t .  P la t in u m - t ip p e d  e l e c t r o d e s  
were i n s e r t e d  t o  a d e p th  o f  6 cm and a l lo w e d  to  e q u i l i b r a t e  o v e r n ig h t  
b e f o r e  r e a d in g  a g a i n s t  a ca lo m e l r e f e r e n c e  e l e c t r o d e .  The c o n t r o l  
p o t s  were a s s a y e d  one day a f t e r  th e y  were w a te r e d .
Growth:
T re e s  w ere  w eighed b e f o r e  p o t t i n g  and th e n  a g a in  upon h a r v e s t .  I t  
was assumed t h a t  g row th  p r i o r  t o  f l o o d i n g  was r e l a t i v e l y  u n ifo rm  and 
d id  n o t  a f f e c t  th e  d i f f e r e n c e s  betw een s p e c i e s  and t r e a t m e n t s .
ADH, M a la te ,  P r o t e i n ,  and Root C o a t in g  A n a ly s e s :
The b u f f e r  u sed  f o r  th e  e x t r a c t i o n  o f  ADH ( a l c o h o l  d e h y d ro g e n a se ,  
EC 1 . 1 . 1 . 1 )  and s o lu b le  p r o t e i n  from  th e  r o o t s  c o n s i s t e d  o f  100 mM
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T r i s  HCL; 5 mM MgC12; 20 mM TPP; 6% w/v PVP o r  PVPP f o r  w a te r  oak o r  
g r e e n  a s h ,  r e s p e c t i v e l y ;  b ro u g h t  t o  pH 7 .5  w i th  NaOH ( s e e  C h a p te r  
T h r e e ) .  Two sam ples  w ere g round p e r  t r e e  f o r  ADH and p r o t e i n  
a n a l y s e s .  S m a l l ,  l i m b e r ,  h e a l t h y  r o o t s  w ere c o l l e c t e d  from 
th ro u g h o u t  th e  r o o t  sy s te m .  These w ere c u t  up i n t o  a b o u t  one-cm 
p i e c e s  and th o ro u g h ly  m ixed . A 0 . 5 - g  sam ple o f  t i s s u e  was ground 
w i th  a m o r ta r  and p e s t l e  i n  5 .0  ml o f  e x t r a c t i o n  b u f f e r  and th e n  
c e n t r i f u g e d  f o r  20 m in u te s  a t  15 ,000  g and 5°C. The ADH a s s a y  
m ix tu r e  c o n ta in e d  3 .0  ml t o t a l  vo lum e, 0 .1  ml sam ple e x t r a c t ,  40 mM 
MOPS (pH 7 . 0 ) ,  2 mM M g C ^ , 0 .2  NADH, and 10 mM a c e t a l d e h y d e .  The 
r e a c t i o n  was s t a r t e d  by a d d in g  a c e ta ld e h y d e  t o  th e  r e a c t i o n  c u v e t t e .
One gram o f  t i s s u e  was a l s o  ground in  5 ml o f  0 .3 3  N p e r c h l o r i c  
a c id  f o r  m a la te  d e t e r m in a t io n  u s in g  th e  method d e s c r ib e d  i n  Bergmeyer 
(B ergm eyer,  1981).
One gram of  t i s s u e  was a l s o  ta k e n  from  th e  c o l l e c t i o n  o f  r o o t s  f o r  
r o o t  c o a t in g  a n a l y s i s  a s  d e s c r i b e d  by M endelssohn  and P o s te k  (1 9 8 2 ) .  
See C h a p te r  Seven f o r  d e t a i l s  of t h e  m ethod. The e x t r a c t  was 
a n a ly z e d  w i th  an  ICAP ( I n d u c t i v e l y  Coupled Argon P lasm a) 
s p e c t r o m e te r .
A n a ly se s  o f  S o i l  and Root G ases :
A p l e x i g l a s s  t u b e ,  1 . 5 - i n c h  o u t s i d e  d i a m e te r ,  was u sed  to  c o l l e c t  
s o i l  s a m p le s .  A p l u n g e r ,  a r u b b e r  s to p p e r  a t t a c h e d  t o  a wooden 
d o w e l l ,  was u sed  to  c r e a t e  a s u c t i o n  w hich  a id e d  sam ple e x t r a c t i o n  a s  
th e  tu b e  was i n s e r t e d  i n t o  th e  s o i l .  A head o f  w a te r  was m a in ta in e d  
above t h e  p lu n g e r  to  h e lp  p r e v e n t  t h e  b a c k - f lo w  o f  a i r  i n t o  th e  sp ace
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above th e  sam p le .  The sam ple  c o re  in c lu d e d  s o i l  down to  th e  bo ttom  
o f  th e  p o t .  The sam ples  w ere  e x t ru d e d  i n t o  a s o l u t i o n  of 2M 
MgSO^ a d j u s t e d  to  pH 2 .5  w i th  HCL. The g a s e s  w ere c o l l e c t e d  
un d er  vacuum u s in g  th e  i n v e r t e d  f u n n e l  t e c h n iq u e  o f  Beyer and Morgan 
(1 9 7 0 ) .
The i n t e r n a l  r o o t  g a s e s  were a l s o  e x t r a c t e d  w i th  th e  i n v e r t e d  
f u n n e l  t e c h n iq u e .  Im m e d ia te ly  a f t e r  sam ples  were ta k e n  f o r  th e  r o o t  
c o a t i n g ,  ADH, p r o t e i n ,  and m a la te  a s s a y s ,  th e  r o o t  systyem  was 
s e v e re d  from  th e  s tem . T h is  sam ple c o n s i s t e d  o f  th e  t a p  r o o t ,  
se c o n d a ry  r o o t s  and th e  re m a in in g  s m a l l e r  r o o t s ,  and i t  was p la c e d  i n  
a  MgSO^ s o l u t i o n  a s  d e s c r i b e d  above . The g a s e s  were c o l l e c t e d  
and a n a ly z e d  b e f o r e  th e  n e x t  t r e e  was removed from  i t s  p o t .  A lthough  
th e  sam p lin g  was done a s  q u ic k ly  a s  p o s s i b l e ,  some gas  exchange w i th  
a i r  was u n a v o id a b le  d u r in g  t h i s  p r o c e s s .
Two g as  sam ples  were c o l l e c t e d  f o r  eac h  s o i l  and r o o t  o b s e r v a t i o n :  
one f o r  e t h y l e n e  and one f o r  0^ and COg. A f lam e  i o n i z a t i o n  
d e t e c t o r  eq u ip p ed  w i th  a Porapak-N  80 /100  mesh column was used  f o r  
e t h y l e n e  m easu rem en ts .  F o r  (X^ and a th e rm a l  
c o n d u c t i v i t y  d e t e c t o r  w i th  an  A l l t e c h  CTR column was used  ( s e e  
C h a p te r  T h r e e ) .
L ea f  E le m e n ts :
A l l  o f  th e  l e a v e s  from  e a c h  t r e e  were d r i e d  a t  75°C f o r  48 
h o u r s .  The t i s s u e  was g round  and a one-gram  sam ple was r e d r i e d  t o  
c o n s t a n t  w e ig h t ,  and d i g e s t e d  i n  25 ml o f  "B aker  I n s t r a - a n a l y z e d "  
n i t r i c  a c i d .  The d i g e s t i o n  p ro c e d u re  was a s  f o l l o w s :  th e  sam ples
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w ere l e f t  o v e r  n ig h t  a t  room te m p e ra tu r e  th e n  g r a d u a l l y  b ro u g h t  up to
85°C o v e r  a tw o -h o u r  p e r i o d ,  th e n  h e a te d  a t  85°C f o r  f i v e
h o u r s .  The d i g e s t i o n s  w ere  d i l u t e d  to  100 ml u s in g  g l a s s  d i s t i l l e d  
w a te r  and a n a ly z e d  u s in g  an  ICAP s p e c t r o m e te r .
R e s u l t s  and D is c u s s io n
The low Eh v a l u e s  o f  t h e  f lo o d e d  s o i l s  (T a b le  1) i n d i c a t e d  t h a t  
most o f  th e  i n o r g a n i c  re d o x  sy s tem s  were i n  t h e i r  red u c e d  s t a t e s .
The Eh v a l u e s  o f  th e  d r a in e d  p o t s  w ere m easured  one day a f t e r  
w a te r in g  and t h e r e f o r e  r e p r e s e n t  low er th a n  a v e ra g e  v a l u e s ;  
n e v e r t h e l e s s ,  th e y  i n d i c a t e d  t h a t  n e a r l y  a l l  o f  t h e  m a jo r  i n o r g a n i c  
red o x  c o u p le s  w ere i n  t h e i r  o x id i z e d  s t a t e s  (G am bre l l  and P a t r i c k ,  
1978).
The s o i l  CC> 2  c o n c e n t r a t i o n s  i n  th e  f lo o d e d  t r e a t m e n t s  were 
h ig h ,  e s p e c i a l l y  f o r  th e  p o t s  w i th  g r e e n  a s h  (T a b le  1 ) .  A f t e r  9 .5
m onths of c o n t in u o u s  f l o o d i n g ,  one would e x p e c t  t h a t  th e  t o t a l  amount
o f  g a s  would be s m a l l ;  t h e r e f o r e ,  th e  h ig h  p e r c e n t a g e s  o f  CC^ d id  
n o t  n e c e s s a r i l y  r e p r e s e n t  v e r y  much t o t a l  CC^, b u t  t o t a l  volum es 
w ere n o t  m e asu re d .  A ls o ,  some CC^ c o u ld  have come o u t  o f  
s o l u t i o n  d u r in g  th e  e x t r a c t i o n  p r o c e s s  due t o  t h e  low p r e s s u r e s  I  
u sed  and th e  low pH o f th e  e x t r a c t i o n  s o l u t i o n .  The s t a t i s t i c a l l y  
s i g n i f i c a n t  i n t e r a c t i o n  o f  th e  s o i l  CC> 2  f o r  th e
t r e a t r a e n t - b y - s p e c i e s  i n t e r a c t i o n  e f f e c t  (T a b le  1) was e v i d e n t l y  an  
e x p r e s s io n  o f  th e  l a r g e  d i f f e r e n c e s  betw een s p e c i e s  i n  t h e  f lo o d e d
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Table 1. Soil gases and Eh
a) Means and ( s ta n d a rd  e r r o r s )
T rea tm ent S pec ies  C02 % 0 2 % E th y len e  ppm Eh mv
d ra in e d Ash 0 .8  (0 .1 ) 20 .7  ( 0 .1 ) 0 .28  (0 .0 9 ) 163 (34)
d ra in e d Oak 1.8 (0 .6 ) 20 .6  (0 .7 ) 0 .12  (0 .0 2 ) 208 (33)
f lo o d ed Ash 55 .6  (2 .3 ) 2 .0  (0 .4 ) 0 .60  (0 .0 4 ) -202 (48)
f lo o d ed Oak 38.0  (3 .8 ) 1 .2 (0 .2 ) 0 .56  (0 .0 7 ) -223 (40)
b) F v a lu e s and s ig n i f i c a n c e  l e v e l s  o f  above v a r i a b l e s
Source C02 0 2 E thy lene Eh
tre a tm e n t 414.39** 2032.31** 39.83** 101.49**
s p e c ie s 13.73** 1.12 NS 2 .76  NS 0.75  NS
t r t x s p 17.39** 0 .72  NS 1.13 NS 0.40 NS
subsamples — — — 0.89 NS
o b se rv a t io n s i 20 20 20 40
**, p>F = 0.01; NS, p>F is non-significant.
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t r e a t m e n t .  The h i g h e r  s o i l  CO2  c o n c e n t r a t i o n  a s s o c i a t e d  w i th  th e  
g re e n  a s h  p ro b a b ly  r e s u l t e d  d i r e c t l y  from r o o t  r e s p i r a t i o n  o r  from 
r e s p i r a t i o n  by s o i l  o rg a n ism s  w hich  w ere e x p l o i t i n g  r o o t  e x u d a t e s ,  
and i n d i c a t e d  g r e a t e r  o v e r a l l  m e ta b o l i c  a c t i v i t y  by g re e n  a s h  r o o t s  
th a n  w a te r  o a k .  The s o i l  e t h y l e n e  was h ig h e r  i n  t h e  f lo o d e d  
t r e a tm e n t  th a n  i n  th e  u n d r a in e d ,  a s  would be e x p e c te d  (S m ith  and 
R e s t a l l ,  1971).
The r o o t  g a s  d a t a  (T a b le  2) i n d i c a t e d  t h a t  t h e r e  was more CC^ 
and e t h y l e n e  and l e s s  i n  th e  r o o t s  o f  b o th  t r e e  s p e c i e s
s u b je c t e d  to  t h e  f lo o d e d  t r e a t m e n t .  The CC^ and e t h y l e n e  
c o n c e n t r a t i o n s  w ere h i g h e r  and th e  C> 2  was low er  i n  th e  w a te r  oak 
r o o t s  o f  b o th  t r e a t m e n t s  th a n  i n  g r e e n  a s h .  Hook and Brown (1972) 
d e m o n s t ra te d  t h a t  th e  v a s c u l a r  cambium o f  g r e e n  a s h  i s  p e rm eab le  
enough to  p e rm i t  a e r a t i o n  o f  th e  l i v i n g  c e l l s  o f  t h e  r o o t  xylem w i th  
a i r  w hich  e n t e r e d  th e  t r e e  a t  th e  l e n t i c e l s  o f  th e  low er  s tem  
(A rm stro n g ,  1968; Hook e t  a l . , 19 7 1 ) .  I  o b se rv e d  h y p e r t r o p h ie d  
l e n t i c e l s  and b a s a l  s w e l l i n g  o f  th e  g r e e n  a s h  from  one t o  two weeks 
o f  a f t e r  f l o o d i n g  and a d v e n t i t i o u s  r o o t s  a f t e r  f o u r  w eeks , w hereas  
t h e  w a te r  oak  s e e d l i n g s  e x h i b i t e d  o n ly  s l i g h t  e n la rg e m e n t  o f  b a s a l  
l e n t i c e l s  and no d i s c e r n a b l e  s w e l l i n g  a f t e r  9 .5  months o f  f lo o d i n g  
and p roduced  no a d v e n t i t i o u s  r o o t s .  These d i f f e r e n c e s  would a c c o u n t  
f o r  th e  a b i l i t y  o f  g r e e n  a s h  to  m a in ta i n  h ig h e r  C> 2  and low er 
CC> 2  l e v e l s  u n d e r  f lo o d e d  c o n d i t i o n s  (T a b le  2 ) .  Comparable 
d i f f e r e n c e s  l i k e l y  e x p l a i n  t h i s  same t r e n d  i n  th e  d r a in e d  t r e a t m e n t .
The h ig h  l e v e l  o f  e t h y l e n e  i n  th e  f lo o d e d  oak  may be a symptom of 
p h y s i o l o g i c a l  s t r e s s  (Yang and P r a t t ,  1978).
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Table 2. Root gases
a) Means and (s ta n d a rd  e r r o r s )
Trea tm ent Spec ies C02 % 02 % E thy lene  ppm
d ra in e d
d ra in e d
Ash
Oak
2 .4  (0 .4 )  
9 .3  (1 .2 )
20 .0  (0 .4 )
10.1 (0 .9 )
0 .30  (0 .13 )  
1.01 (0 .1 6 )




10 .4  (3 .6 )  
15.0  (0 .6 )
14.1 (1 .2 )  
8 .0  (1 .0 )
0 .56  (0 .00 )  
2 .78  (0 .34 )
b) F v a lu e s and s ig n i f i c a n c e  l e v e l s  o f above v a r i a b l e s
Source C02 °2 E thy lene
tre a tm e n t
s p e c ie s
t r t * s p
o b s e rv a t io n s
12.28** 
8 .80** 










** , p>F = 0. 01; NS, p>F i s  n o n - s i g n i f i c a n t .
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Root a e r a t i o n  d i f f e r e n c e s  have  been  p o in t e d  o u t  a s  a  m a jo r  f a c t o r  
d i r e c t l y  r e l a t e d  to  d i f f e r e n c e s  i n  f lo o d  t o l e r a n c e  and i n v e r s e l y  
r e l a t e d  t o  d r o u g h t  t o l e r a n c e  i n  s e v e r a l  s p e c i e s  (Hook and Brown,
1972; K e e le y ,  19 7 9 ) .  I  have l i k e w is e  found  t h a t  w a te r  oak  i s  more 
d ro u g h t  t o l e r a n t  th a n  g r e e n  a s h  ( u n p u b l i s h e d  d a t a ) .
There  was a s i g n i f i c a n t  i n c r e a s e  i n  th e  r o o t  c o a t in g  
c o n c e n t r a t i o n s  o f  Fe and Mn (T a b le  3) f o r  b o th  s p e c i e s  a s  a  r e s u l t  of 
f l o o d i n g .  A lthough  s p e c i e s  d i f f e r e n c e s  were n o t  s t a t i s t i c a l l y  
s i g n i f i c a n t ,  th e  g r e e n  a s h  in c r e a s e d  Fe t e n  t im e s  more th a n  w a te r  oak 
w h i le  th e  d i f f e r e n c e s  i n  Mn w ere n o t  a s  g r e a t .
The Fe/Mn r a t i o  s h o u ld  be a s e n s i t i v e  i n d i c a t o r  o f  th e  o x i d a t i o n  
s t a t u s  o f  r o o t  s u r f a c e s  i n  red u ce d  c o n d i t i o n s :  (1 )  Mn o x i d a t i o n  t a k e s  
p l a c e  a t  a much s lo w e r  r a t e  th a n  i r o n ,  (2 )  th e  c r i t i c a l  red o x  
p o t e n t i a l  o f  i r o n  o x i d a t i o n  i s  low er and w i l l  o c c u r  b e f o r e  Mn 
o x i d a t i o n ,  (3 )  t h e r e  a r e  much g r e a t e r  amounts o f  re d u c e d  i r o n  a t  th e  
low red o x  p o t e n t i a l s  r e p r e s e n t e d  by t h i s  f lo o d i n g  t r e a tm e n t  ( P a t r i c k ,  
1980; P a t r i c k  and H en d e rso n ,  1 9 8 1 ) ,  and ( 4 )  b e c a u se  t h e  r a t i o  c a n c e l s  
d i f f e r e n c e s  i n  a b s o l u t e  am ounts be tw een  o b s e r v a t i o n s .  A com parison  
o f  t h i s  r a t i o  i n  th e  f lo o d e d  g re e n  a s h  and w a te r  oak  s u p p o r t s  t h i s  
c o n t e n t i o n  (T a b le  3 ) ,  e s p e c i a l l y  i n  l i g h t  o f  th e  d i f f e r e n c e s  i n  r o o t  
oxygen c o n c e n t r a t i o n  (T a b le  2 ) .  However, t h e  d e c r e a s e  i n  t h i s  r a t i o  
f o r  th e  w a te r  oak r o o t s  upon f lo o d i n g  can n o t  be a t t r i b u t e d  to  
o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  a l o n e .  I t  i s  p o s s i b l e  t h a t  
p r e f e r e n t i a l  o x i d a t i o n  o r  a b s o r p t i o n  o f  i r o n  by m y c o rrh iz a e  a c c o u n ts  
f o r  th e  r e l a t i v e l y  h ig h  v a l u e  o f  t h i s  r a t i o  i n  th e  d r a in e d  t r e a tm e n t  
(Bowen, 1 9 7 3 ) ,  and t h a t  t h e  r e l a t i v e l y  h ig h  amount o f  Mn on th e  r o o t s
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Table 3. Root coating Fe, Mn, Fe/Mn and P
a) Means and ( s ta n d a rd  e r r o r s )






d ra in e d
d ra in e d
Ash 0 .058  ( .0 0 9 )  
Oak 0.281 ( .0 3 3 )
0.009 ( .002 )  











Ash 3 .64  ( .0 0 6 )  
Oak 1.78 ( .1 6 1 )
0 .22  ( .0 1 4 )  









b) F v a lu e s  and s ig n i f i c a n c e  l e v e l s  o f  above v a r i a b l e s
Source Fe Mn Fe/Mn P
tr e a tm e n t  16.73** 
s p e c ie s  1 .74 NS 
t r t x s p  2 .82  NS 
o b s e rv a t io n s  19
30.94** 
0 .30  NS 
0 .15 NS 
19
0 .00  NS 




4 .40  




**, p>F = 0.01; x, p>F = 0.05; NS, p>F is non-significant.
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of w a te r  oak  i n  t h e  f lo o d e d  t r e a tm e n t  i s  due t o  a b s o r p t i o n  and 
c o p r e c i p i t a t i o n  w i th  f e r i c  o x y h y d ro x id e  r a t h e r  th a n  o x i d a t i o n  o f  th e  
Mn p e r  s e  (K ra u s k o p f , 1 9 7 2 ) .  P h o sphorus  a p p a r e n t l y  c o p r e c i p i t a t e d  
w i th  t h e  i r o n  u n d e r  th e  f lo o d e d  t r e a tm e n t  o n to  th e  g r e e n  a s h  r o o t s  
(T a b le  3) a s  a r e s u l t  o f  s o r p t i o n  o n to  f e r r i c  o x y h y d ro x id e  ( P a t r i c k  
and K h a l i d ,  1974; Chen e t  a l . , 1 9 8 0 ) .
The Fe/Mn r a t i o s  i n  th e  d i g e s t e d  l e a v e s  (T a b le  4 )  i n d i c a t e d  a 
s i g n i f i c a n t  s p e c i e s - b y - t r e a t m e n t  i n t e r a c t i o n .  I t  i s  a p p a r e n t  t h a t  
t h i s  was due to  an  i n c r e a s e  i n  th e  i r o n  c o n t e n t  o f  th e  oak l e a v e s .
T h is  i n c r e a s e  d id  n o t  show up a s  a s i g n i f i c a n t  e f f e c t  i n  th e  i r o n  
d a t a  p e r  s e ,  p ro b a b ly  due to  th e  l a r g e  v a r i a b i l i t y  i n  t h e  d a t a ;  b u t  
th e  mean o f  th e  i r o n  i n  th e  oak  l e a v e s  i s  o v e r  f o u r  t im e s  a s  l a r g e  a s  
i t s  d r a in e d  t r e a t m e n t  c o u n t e r p a r t .  The t r e n d s  i n  t h i s  r a t i o  f o r  th e  
l e a f  d a t a  (T a b le  4 )  w ere  th e  r e v e r s e  o f  th o s e  f o r  t h e  r o o t  d a t a  
(T a b le  3 ) .  T h is  s u p p o r t s  t h e  h y p o th e s i s  t h a t  u p ta k e  o f  red u ce d  
compounds i s  i n v e r s e l y  r e l a t e d  t o  th e  o x i d a t i o n  c a p a c i t y  o f  th e  r o o t  
( B a r t l e t t ,  1961 ) .
Work done w i th  S p a r t i n a  a l t e r n i f l o r a  L o i s e l .  would i n d i c a t e  t h a t  
i n  a r e a s  w here i t  i s  u n a b le  t o  o x i d i z e  i t s  r h i z o s p h e r e ,  l ^ S  i s  
th e  main t o x i c  a g e n t .  S p a r t i n a  a l t e r n i f l o r a  " d i e - b a c k "  o c c u r s  i n  
th o s e  a r e a s  u n d e r  n a t u r a l  c o n d i t i o n s  t h a t  a l lo w  I^ S  p r o d u c t io n  
(M endelssohn  e t  a l . , 1 9 8 1 ) .  However, i n  a r t i f i c i a l  sy s tem s  w i th  
e q u i v a l e n t  am ounts o f  r e d u c e d  Fe and Mn, b u t  w i th o u t  
a c c u m u la t io n ,  i t s  g ro w th  was n o t  a f f e c t e d  (DeLaune e t  a l . , 1984).  
S p a r t i n a  a l t e r n i f l o r a  g row ing  u n d e r  e x t r e m e ly  red u c e d  c o n d i t i o n s  i s  
u n a b le  to  p r e c i p i t a t e  i r o n  and m anganese on i t s  r o o t  s u r f a c e s  to  th e
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Table 4. Leaf Fe, Mn, Fe/Mn and P
a) Means and ( s ta n d a rd  e r r o r s )
T rea tm ent S pec ies Fe Mn Fe/Mn P
m g/g. dw mg/g.dw mg/g.dw
d ra in e d Ash 0 .102  ( .0 0 5 ) 0.026 ( .0 2 2 ) 4.11 (0 .38 ) 3 .22 ( .2 6 1 )
d ra in e d Oak 0.078 ( .0 0 3 ) 0.087 ( .016 ) 1.06 (0 .2 6 ) 1.13 ( .052 )
f looded Ash 0.086 ( .0 0 6 ) 0.067 ( .0 1 4 ) 1.47 (0 .3 1 ) 1.38 ( .1 8 2 )
f lo o d ed Oak 0.337 ( .1 6 1 ) 0.133 ( .046 ) 5 .16 (2 .8 8 ) 1.80 ( .0 7 7 )
b )  F v a lu e s  and s i g n i f i c a n c e  l e v e l s  o f  above v a r i a b l e s
Source Fe Mn Fe/Mn P
tr e a tm e n t 2 .27  NS 3.06  NS 0.25  NS 12.56**
s p e c ie s 1.98 NS 6.38* 0.05 NS 25.26**
t r t x s p 2 .90  NS 0.01 NS 5.30* 57.02**
o b s e rv a t io n s 20 20 20 20
**, p>F = 0.01; x, p>F = 0.05; NS, p>F is non-significant.
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same e x t e n t  a s  S_̂  a l t e r n i f l o r a  g row ing u n d e r  l e s s  s e v e r e  re d u c in g  
c o n d i t i o n s  (M endelssohn  and P o s te k ,  1982 ) .  I f ,  u n d e r  s u f f i c i e n t l y  
red u ce d  c o n d i t i o n s ,  th e  r o o t s  a r e  a b l e  t o  p r e c i p i t a t e  r e l a t i v e l y  h ig h  
am ounts o f  i r o n  ( a s  compared t o  Mn) th e n  we can  assume t h a t  I^ S  
h a s  l i k e w i s e  been  o x id i z e d  to  n o n to x ic  s u l f a t e .  When I  g round th e  
f lo o d e d  oak r o o t s  f o r  enzyme, p r o t e i n  and m e t a b o l i t e  a n a l y s e s ,  I  
n o t i c e d  th e  d i s t i n c t i v e  s m e l l  o f  I ^ S  -  t h i s  s m e l l  was a b s e n t  from  
a l l  o t h e r  t r e a t m e n t s .  T h is  i n d i c a t e d  t h a t  t h e  o x i d a t i v e  c a p a c i t y  of 
th e  f lo o d e d  oak r o o t s  was e x c e e d e d ,  and t h i s  i n  t u r n  r e s u l t e d  i n  th e  
b u f f e r i n g  o f  th e  r h i z o s p h e r e  Eh by th e  s u l f a t e - s u l f i d e  re d o x  sy s tem . 
T h e r e f o r e ,  th e  r o o t s  w ere u n a b le  t o  p r e v e n t  hydrogen  s u l f i d e  from 
e n t e r i n g  th e  r o o t  sy s te m ,  and o n ly  s m a l l  amounts o f  red u ce d  i r o n  and 
m anganese w ere removed a t  t h e  r o o t  s u r f a c e .  The l a r g e  amounts o f  Fe 
and Mn i n  th e  l e a v e s  (T a b le  4 ) ,  and th e  s m a l l  Fe/Mn r a t i o  o f  th e  r o o t  
c o a t i n g  d a t a  (T a b le  3) c o r r o b o r a t e d  t h i s .
The ADH, m a l a t e ,  and s o l u b l e  p r o t e i n  o f  th e  w a te r  oak  w ere a l l  
e x t r e m e ly  low i n  t h e  f lo o d e d  oak  (T a b le  5 ) ,  p ro b a b ly  due t o  th e  
o v e r a l l  t o x i c  e f f e c t  o f  th e  red u c e d  compounds. There  was a f o u r - f o l d  
i n c r e a s e  i n  ADH i n  th e  g r e e n  a s h  r o o t s  due t o  f l o o d i n g  (T a b le  5) -  
t h e r e  was some i n c r e a s e d  r e l i a n c e  upon f e r m e n t a t i o n  due to  th e  
d e c l i n e  i n  r o o t  c o n c e n t r a t i o n  (T a b le  2 ) .  The d a t a  from g re e n  
a s h  i n d i c a t e d  t h a t  m a la te  l e v e l s  (T a b le  5) d id  n o t  i n c r e a s e  r e l a t i v e  
t o  t h e  d r a in e d  t r e a t m e n t  a f t e r  9 .5  m onths o f  c o n t in u o u s  f l o o d i n g .
The d e c l i n e  i n  g re e n  a s h  p r o t e i n  may be sym ptom atic  o f  f l o o d i n g  
s t r e s s  on th e  r o o t  sy s tem  (T a b le  5 ) .  However, t h e  d e p re s s e d  g row th  
o f  t h e  d r a in e d  g re e n  a s h  a s  compared to  th e  f lo o d e d  may i n d i c a t e  a
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Table 5. Tree growth; and root ADH, protein and malate
a ) Means and ( s ta n d a rd  e r r o r s )
T rea tm ent S pec ies  Growth
S
ADH
p m o l/g .fw /h r
P r o te in
m g ./g .fw
M alate
pmol/gfw
d ra in e d  Ash 
d ra in e d  Oak
103.8 (1 1 .0 )  
76 .4  (1 7 .7 )
112.3 (6 .8 )  
64 .5  (8 .2 )
1.19 ( .0 7 )  
0 .57  ( .0 6 )
8.61 (0 .51 )  
3 .83 (0 .91)
f looded  Ash 
f looded  Oak
182.4 (3 3 .3 )  
24 .2  (1 4 .7 )
394.3  (7 5 .3 )  
20 .1  (3 .9 )
0 .45 ( .1 0 )  
0 .00  (0 .0 )
7.18 (0 .25)  
0 .20  (0 .08)
b) F v a lu es  and s i g n i f i c a n c e  l e v e l s  o f  above v a r i a b l e s
Source Growth ADH P r o te in M alate
t r e a tm e n t
s p e c ie s
t r t x s p
subsamples
o b s e rv a t io n s


















** , p>F = 0 .0 1 ; NS, p>F i s  n o n - s i g n i f i c a n t .
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s t r e s s  o f  th e  d r a in e d  t r e a tm e n t  due to  i n s u f f i c i e n t  w a te r  f o r  o p t im a l  
g ro w th  (T a b le  5 ) .  T h is  s u g g e s t s  t h a t  i n  th e  c a se  o f  th e  g re e n  a s h  i n  
t h i s  e x p e r im e n t ,  t h e  f l o o d i n g  s t r e s s  im pinged  d i r e c t l y  upon r o o t  
m e ta b o l ism  due t o  t o x i c  e f f e c t s  w hereas  d ro u g h t  s t r e s s  was i n t e g r a t e d  
th ro u g h o u t  t h e  e n t i r e  p l a n t .
G reen a s h  r o o t s  were a b l e  t o  o x id i z e  t h e i r  r h i z o s p h e r e s  u n d e r  v e ry  
red u ce d  c o n d i t i o n s  f o r  9 .5  m on ths . T h is  a b i l i t y  was a s s o c i a t e d  w i th  
b e t t e r  exchange  o f  and CC^ i n  th e  r o o t s  th a n  was o b se rv e d  
i n  w a te r  oak u n d e r  s i m i l a r  c o n d i t i o n s  (T a b le  2 ) .  However, t h i s  d id  
n o t  p r e c lu d e  th e  need f o r  i n c r e a s e d  r e l i a n c e  upon a n a e r o b ic  
r e s p i r a t i o n  i n  t h e  g re e n  a s h  (T a b le  5 ) .  R h iz o sp h e re  o x i d a t i o n  was 
i n d i c a t e d  by h ig h  l e v e l s  o f  Fe and Mn and a  h ig h  Fe/Mn r a t i o  i n  th e  
r o o t  c o a t i n g  d a t a  (T a b le  3 ) ,  and a p p a r e n t l y  p r e v e n te d  e x c e s s iv e  
a c c u m u la t io n  o f  red u ce d  compounds such  a s  f e r r o u s  i r o n ,  manganous 
manganese (T a b le  4 ) ,  and hyd rogen  s u l f i d e  by th e  p l a n t .  T h is  s tu d y  
s u g g e s t s  t h a t  r o o t  a e r a t i o n  and a n a e r o b ic  r e s p i r a t i o n  c o n t r i b u t e  to  
th e  s u r v i v a l  o f  g r e e n  a s h  u n d e r  p e r i o d s  of c o n t in u o u s  f l o o d i n g  o f  up 
t o  9 .5  m onths .
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A P r e l i m in a r y  E v a l u a t i o n  o f  Root R esponses  o f  G reen Ash 
a s  a  S o i l -W e tn e s s  I n d i c a t o r
ABSTRACT. G reen  a s h  ( F r a x in u s  p e n n s y lv a n ic a  M a r s h . ) 
s e e d l i n g s  w ere  t r a n s p l a n t e d  i n  p l o t s  a lo n g  f o u r  BLH (b o tto m la n d  
hardwood) t r a n s e c t s  i n  L o u i s i a n a  w hich  r e p r e s e n t e d  a w ide range  of 
s o i l - m o i s t u r e ,  f l o o d i n g  r e g im e s .  Each p l o t  was c l a s s i f i e d  a s  "w et"  
o r  "m es ic "  based  on s o i l  w e tn e s s  d a t a .  The f o l l o w in g  r o o t - c o a t i n g  
c o n s t i t u e n t s ;  A l ,  As, Ca, F e ,  K, Mn, N i ,  P and Zn; and th e  enzyme ADH 
( a l c o h o l  d e h y d ro g e n a se )  o f  th e  s e e d l i n g s  w ere a s sa y e d  a f t e r  1 .5  
y e a r s .  A tw o-g roup  d i s c r i m i n a n t  a n a l y s i s  f u n c t i o n  was d ev e lo p ed  i n  
o r d e r  to  d e te rm in e  how w e l l  th e  s e e d l i n g  r o o t  d a t a  would p r e d i c t  th e  
p r e d e te rm in e d  s i t e - w e t n e s s  c a t e g o r y  o f  each  s e e d l i n g ' s  p l o t .  The 
d e p o s i t i o n  o f  r o o t - c o a t i n g  c o n s t i t u e n t s  and a n a e r o b ic  r e s p i r a t i o n  
w ere  d i s t i n c t  enough from th e  s e e d l i n g s  o f  th e  wet and m esic  s i t e s  to  
be u s e f u l  i n  th e  deve lopm en t o f  a f a i r l y  r e l i a b l e  model f o r  
s i t e - w e t n e s s  c l a s s i f i c a t i o n .  The p e r c e n ta g e s  o f  s e e d l i n g s  c o r r e c t l y  
g rouped  i n t o  t h e  m esic  and w et c a t e g o r i e s  w ere  8 8 .9  and 9 2 .0 ,  
r e s p e c t i v e l y .  The v a r i a b l e s  chosen  f o r  i n c l u s i o n  i n  th e  d i s c r i m i n a n t  
a n a l y s i s  f u n c t i o n ,  i n  d e s c e n d in g  o r d e r  o f  p r e d i c t i v e  pow er, w ere K, 
Fe/Mn, N i ,  Mg, ADH, and Mn.
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INTRODUCTION
The s o i l  c o n d i t i o n s  a s s o c i a t e d  w i th  w a te r lo g g in g  can  have d ra m a t ic  
e f f e c t s  on t e r r e s t r i a l  v e g e t a t i o n .  At th e  community l e v e l ,  
w a te r lo g g e d  c o n d i t i o n s  a r e  c h a r a c t e r i z e d  by f l o o d - t o l e r a n t  s p e c ie s  
(R o b e r ts o n ,  e t  a l .  1978; Hook 1984).  At th e  i n d i v i d u a l  p l a n t  l e v e l ,  
t h e s e  c o n d i t i o n s  s t i m u l a t e  th e  e x p r e s s io n  o f  a d a p t a t i o n s  i n  th o s e s  
p l a n t  s p e c i e s  t h a t  a r e  c o n s id e r e d  to  be f lo o d  t o l e r a n t  (Hook e t  a l . , 
1971; P e r e i r a  and K o z lo w sk i ,  1977; Sena Gomes and K o z lo w sk i ,  1980).  
The q u e s t i o n  posed  by t h i s  i n v e s t i g a t i o n  i s :  a r e  th e  f lo o d - in d u c e d  
r e s p o n s e s  o f  a f l o o d - t o l e r a n t  s p e c i e s  o f  p r e d i c t i v e  v a l u e  i n  
d e te r m in in g  th e  w e tn e s s  o f  a s i t e ?
The u n iq u e  p r o p e r t i e s  and e c o l o g i c a l  im p o r ta n c e  o f  w e t la n d s  have 
s t i m u l a t e d  keen  i n t e r e s t  i n  th e  developm en t o f  r e l i a b l e  and e f f i c i e n t  
i n d i c a t o r s  o f  s o i l  w e tn e s s .  B ecause  o f  th e  lo n g  r e c o g n iz e d  
r e l a t i o n s h i p s  be tw een  f l o r i s t i c  c o m p o s i t io n  o f  a s i t e  and s o i l  
w e tn e s s ,  t h e r e  has  been  a l o t  of e f f o r t  d i r e c t e d  tow ards  th e  
deve lopm ent o f  m ethods to  d e l i n e a t e  w e t la n d s  b ased  on p l a n t  
co m m u n it ie s .  The im p o r ta n c e  o f  t h i s  t r e n d  i s  u n d e r s c o re d  by th e  
s t r o n g  em phasis  t h a t  th e  p r e s e n t  l e g a l  d e f i n i t i o n  o f  " w e t l a n d s " ,  a s  
s t a t e d  i n  s e c t i o n  404 o f  th e  C lean  W ater A c t ,  p l a c e s  on v e g e t a t i o n :
"Those a r e a s  t h a t  a r e  in u n d a te d  o r  s a t u r a t e d  by s u r f a c e  
o r  g ro u n d w a te r  a t  a f r e q u e n c y  and d u r a t i o n  s u f f i c i e n t  
to  s u p p o r t ,  and t h a t  u n d e r  norm al c i r c u m s ta n c e s  do
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s u p p o r t ,  a  p r e v a l a n c e  o f  v e g e t a t i o n  t y p i c a l l y  a d a p te d  
to  l i f e  i n  s a t u r a t e d  s o i l  c o n d i t i o n s  
( F e d e r a l  R e g i s t e r ,  p . 37128, 1 9 7 7 ) ."
At th e  community l e v e l ,  f l o r i s t i c  c o m p o s i t io n  and i n d i c a t o r  
s p e c i e s  a r e  two v e g e t a t i v e  a s p e c t s  have been  u sed  to  some d e g re e  to  
p r e d i c t  w e t la n d  c o n d i t i o n s .  The i n d i c a t o r  s p e c i e s  a p p ro ac h  h as  met 
w i th  c r i t i s m  ( G o s s e l in k  e t  a l . , 19 8 1 ) ,  and has  n o t  r e c e iv e d  much 
a t t e n t i o n .  Community c o m p o s i t io n  i s  th e  main c r i t e r i o n  used  by most 
a g e n c ie s  r e s p o n s i b l e  f o r  w e t l a n d s  r e g u l a t i o n  (A lco ck  e t  a l . , 1984).  
However, s t a n d a r d i z e d  t e c h n iq u e s  have n o t  y e t  been  d e v e lo p ed  t h a t  can 
a c c o u n t  f o r  community d i f f e r e n c e s  due to  g eo g rap h y ,  c l i m a t e ,  age and 
d i s t u r b a n c e  o f  s t a n d s .  T h is  c r e a t e s  a p o t e n t i a l  f o r  s i g n i f i c a n t  
d i s c r e p e n c i e s  among d e l i n e a t i o n s  by d i f f e r e n t  g ro u p s .  T h is  problem  
was e v i d e n t  r e c e n t l y  when t h r e e  f e d e r a l  a g e n c ie s  w ere asked  to  
e s t i m a t e  t h e  p o r t i o n  o f  t h e  t o t a l  b o t to m la n d  hardwood (BLH) a r e a  to  
be w i t h i n  s e c t i o n  404 j u r i s d i c t i o n  ( i . e .  w e t l a n d s ) :  D epartm ent o f  
th e  I n t e r i o r ,  86%; E n v iro n m e n ta l  P r o d u c t io n  Agency, 68%; U. S. Army 
Corps o f  E n g i n e e r s ,  60% (A lcock  e t  a l . , 1984).
An a l t e r n a t e  ap p ro a c h  would be to  lo o k  a t  th e  e x p r e s s io n  o f  p l a n t  
a d a p t a t i o n s  t o  f l o o d i n g  a t  th e  i n d i v i d u a l  p l a n t  l e v e l .  However, t h i s  
h a s  a p p a r e n t l y  n o t  been  u t i l i z e d  f o r  d e l i n e a t i n g  w e t l a n d s  t o  d a t e .
The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  m easu re  s e l e c t e d  
c h a r a c t e r i s t i c s  th o u g h t  t o  be d i r e c t l y  r e l a t e d  t o  a d a p t a t i o n s  t o  
w a te r lo g g e d  s o i l  c o n d i t i o n s ,  and to  t e s t  how r e l i a b l y  th e y  can  
p r e d i c t  s i t e  " w e tn e s s " .  As m ost of th e  c u r r e n t  c o n t r o v e r s y  o v e r
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w e t la n d  d e l i n i a t i o n  f o c u s e s  on BLH's, a b o t to m la n d  hardwood t r e e  
s p e c i e s ,  g r e e n  a s h  ( F r a x in u s  p e n n s y lv a n ic a  M a r c h . ) ,  was chosen  a s  th e  
s tu d y  o rg a n is m .
I n  th e  l i t e r a t u r e  r e l e v a n t  t o  p l a n t  a d a p t a t i o n s  t o  f lo o d e d  
c o n d i t i o n s ,  two main r e s p o n s e s  a r e  f r e q u e n t l y  su g g e s te d  as  a d a p t i v e :
1) a n a to m ic a l  and m o rp h o lo g ic a l  c h a r a c t e r i s t i c s  t h a t  i n c r e a s e  th e  
o x i d i z i n g  c a p a c i t y  o f  t h e  r o o t s  (A rm stro n g ,  1972; R o b e r ts  e t  a l . ,  
1 9 8 4 ) ,  and 2) m e ta b o l i c  a d a p t a t i o n s  w hich com pensate  f o r  in a d e q u a te  
a e r a t i o n  (Rumpho and K ennedy , 1981; T r i p e p i  and M i tc h e l ,  1984).
W ith in  woody s p e c i e s ,  t h e  a b i l i t y  t o  a e r a t e  r o o t  sy s tem s  w i th  
oxygen s u p p l i e d  from  em ergen t o rg a n s  th ro u g h  l e n t i c e l s ,  
a e ren ch y m ato u s  t i s s u e ,  and a d v e n t i t i o u s  r o o t s  i s  o f  a d a p t iv e  
im p o r ta n c e  u n d e r  f lo o d e d  c o n d i to n s  (A rm stro n g ,  1968; Hook and 
S c h o l t e n s ,  1978 ) .  F lo o d in g  o f t e n  in d u c e s  t h e s e  f e a t u r e s  i n  
f l o o d - t o l e r a n t  s p e c i e s  (Hook e t  a l . , 1971; P e r e i r a  and K o z lo w sk i ,  
1977, Sena Gomes and K o z lo w s k i ,  1980 ) .  Not o n ly  i s  a e r a t i o n  th o u g h t  
t o  be im p o r ta n t  b e c a u se  o f  th e  need  f o r  e f f e c t i v e  oxygen s u p p ly ,  b u t  
C h irkova  and Gutman (1972) have d e m o n s t ra te d  t h a t  p o t e n t i a l l y  
p h y to x ic  m e ta b o l i c  p r o d u c t s  a s s o c i a t e d  w i th  f l o o d i n g ;  e t h a n o l ,  
a c e t a l d e h y d e , and e t h y l e n e ;  d i f f u s e  o u t  o f  l e n t i c e l s .
S in c e  s e v e r a l  i n o r g a n i c  compounds a r e  s o l u b l e  i n  t h e i r  reduced  
form b u t  i n s o l u b l e  i n  t h e i r  o x id i z e d  form  ( e . g .  Fe and Mn), th e y  te n d  
to  p r e c i p i t a t e  on th e  r o o t  s u r f a c e  a s  a consequence  o f  an  o x i d i z i n g  
r o o t  w i t h i n  a re d u c e d  s o i l  e n v iro n m e n t .  T h is  p r o c e s s  form s an 
o x id i z e d  c o a t i n g  o r  p la q u e  on th e  r o o t  s u r f a c e ,  th e  amount o f  w hich  
i s  g e n e r a l l y  th o u g h t  t o  form  a s  a f u n c t i o n  o f  th e  amount o f  reduced
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Fe and Mn p r e s e n t  (Bacha and H o s s n e r ,  1977; T a y lo r  e t  a l . ,  1984) and 
th e  o x i d i z i n g  c a p a c i t y  o f  th e  r o o t s  ( B a r t l e t t ,  1961; M endelssohn and 
P o s t e k ,  1982 ) .
"A n a e ro b ic  r e s p i r a t i o n "  r e f e r s  to  th e  p l a n t  m e ta b o l i c  r e s p o n s e s  
t h a t  o c c u r  a s  a r e s u l t  o f  oxygen d e p l e t i o n .  P ro b a b ly  th e  most 
i n t e n s i v e l y  s t u d i e d  s t e p  o f  t h i s  m e ta b o l i c  r e s p o n s e  i s  th e  i n c r e a s e d  
a c t i v i t y  o f  th e  enzyme a l c o h o l  d e h y d ro g e n a se .  T h is  enzyme (EC 
1 . 1 . 1 . 1 . )  c a t a l y s e s  a s t e p  o f  t h e  f e r m e n t a t i v e  p r o c e s s  w hich y i e l d s  
e n e rg y  from  th e  breakdown o f  s u g a r  i n  th e  a b se n c e  o f  oxygen. The 
b y - p r o d u c t s  o f  t h i s  r e a c t i o n  in c lu d e  e t h a n o l  and CC^. As e th a n o l  
i s  th o u g h t  t o  be p o t e n t i a l l y  p h y to t o x ic  (McManraon and C raw fo rd ,  1971; 
B a r t a ,  1 9 8 4 ) ,  t h e r e  h as  b een  an  o n -g o in g  d e b a te  a s  t o  w h e th e r  a 
f l o o d - i n d u c e d  s t i m u l a t i o n  i n  ADH i s  r e p r e s e n t a t i v e  o f  an a d a p t iv e  o r  
a m a la d a p t iv e  r e s p o n s e  to  f l o o d i n g  (C raw ford  and B a in s ,  1977; D a v ie s ,  
1980; J a c k s o n  e t  a l . , 1 9 8 2 ) .  However, g re e n  a s h  i s  a p p a r e n t ly  
u n u s u a l  i n  t h a t  th e  r a t i o  o f  e t h a n o l  a c c u m u la t io n  u n d e r  a n o x ic  
c o n d i t i o n s  v e r s u s  a e r o b i c  c o n d i t i o n s  i s  q u i t e  h i g h ,  even  among 
f l o o d - a c c l i m a t e d  i n d i v i d u a l s  (Hook and Brown, 1973; Hook and 
S c h o l t e n s ,  1 9 7 8 ) .  T h e r e f o r e ,  one would e x p e c t  t h a t  ADH would 
i n c r e a s e  i n  t h i s  s p e c i e s  u n d e r  f lo o d e d  c o n d i t i o n s .
Based on th e  above c o n s i d e r a t i o n s ,  r o o t  c o a t i n g  c o n s t i t u e n t s  were 
ch o sen  a s  an  i n d i c a t o r  o f  r h i z o s p h e r e  o x i d a t i o n  a c t i v i t y ,  and a l c o h o l  
d e h y d ro g e n a se  a c t i v i t y  was s e l e c t e d  a s  an  e x p r e s s io n  o f  a n a e r o b ic  
r e s p i r a t i o n .  The h y p o th e s i s  to  be t e s t e d  by t h i s  i n v e s t i g a t i o n  was: 
a n a e r o b ic  r e s p i r a t i o n  and r h i z o s p h e r e  o x i d a t i o n  a r e  i n d i c a t i v e  o f  
w a te r lo g g e d  s o i l  c o n d i t i o n s .
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MATERIALS AND METHODS
Study  S i t e s :
Four s tu d y  a r e a s  w ere ch o sen  i n  a l l u v i a l  b o t to m la n d s  w i th  m a tu re ,  
BLH o v e r s t o r y  w hich  r e p r e s e n t e d  a b ro ad  ra n g e  o f  th e  a v a i l a b l e  p a r e n t  
m a t e r i a l  ty p e s  i n  L o u i s i a n a  ( F i g .  1 ) .  The " P e a r l  R iv e r "  t r a n s e c t  was 
lo c a t e d  on th e  P e a r l  R iv e r  W i l d l i f e  Management A re a ,  S t .  Tammany 
P a r i s h ,  and i s  u n d e r l a i n  by  P e a r l  R iv e r  a l lu v iu m .  The "Red R iv e r  Bay" 
t r a n s e c t  i s  l o c a t e d  on t h e  G rassy  Lake W i l d l i f e  Management A rea ,  
A v o y e l le s  P a r i s h ,  and i s  u n d e r l a i n  by Red R iv e r  a l lu v iu m .  The S p r in g  
Bayou t r a n s e c t ,  l o c a t e d  on th e  S p r in g  Bayou W i l d l i f e  Management A rea ,  
A v o y e l le s  P a r i s h ,  i s  u n d e r l a i n  by M i s s i s s i p p i  R iv e r  a l lu v iu m .  The 
"Quimby" t r a n s e c t  was l o c a t e d  on p r i v a t e  la n d  n e a r  Quimby, M adison 
P a r i s h ,  and i s  a l s o  u n d e r l a i n  by M is s ip p i  R iv e r  a l lu v iu m .
W ith in  ea c h  a r e a ,  a t r a n s e c t  was e s t a b l i s h e d  a lo n g  th e  m a jo r  
to p o g r a p h ic  e l e v a t i o n a l  g r a d i e n t  (T a b le  1 ) .  Three  o r  f o u r  p l o t s  w ere 
s u b j e c t i v e l y  chosen  a lo n g  e a c h  t r a n s e c t  so a s  t o  r e p r e s e n t  th e  main 
s o i 1 - m o i s t u r e ,  f l o o d i n g  re g im e s  and community ty p e s  a v a i l a b l e .  There 
w ere  n a t i v e  g r e e n  a s h  ( F r a x in u s  p e n n s y lv a n ic a  M a r s h . ) p r e s e n t  on eac h  
o f  t h e  t r a n s e c t s  (T a b le  1 ) .
P l a n t  M a t e r i a l :
O n e -y ea r  o l d ,  b a r e - r o o t e d  s e e d l i n g s  o f  g r e e n  a s h  w ere  o b ta in e d  
from  th e  O f f i c e  o f  F o r e s t r y ,  L o u i s i a n a  D epartm ent o f  N a tu r a l  
R e s o u rc e s  from  t h e i r  n u r s e r y  a t  C olum bia , L a . ,  U .S .A .
B o t t o m l a n d  H a r d w o o d s
F ig u r e  1. L o c a t io n s  o f  s tu d y  t r a n s e c t s  w i t h i n  L o u i s i a n a .  
Quimby t r a n s e c t  was l o c a t e d  a t  " I " ,  Red R iv e r  Bay a t  " 2 " ,  
Bayou a t  " 3 " ,  and P e a r l  R iv e r  a t  " 4 " .
The
S p r in g
TABLE 1. Site characteristics of study transects.
transect/ **I.V. **I.V.
plot Soil pH of A % base overstory understory relative
Series horizon sat of A green ash green ash elevations
(meters)
Pearl River
one Arkabulta 3.9 20.0 - - 0
two Rosebloom 4.1 24.4 - - -0.67
three Rosebloom 4.2 31.7 9.9 4.4 -1.34
four Rosebloom 4.5 29.7 5.7 - -1.52
Red River Bay
one Norwood 7.2 82.5 12.2 33.9 0
two Norwood 7.6 80.9 - 37.4 -1.43
three Moreland 7.2 81.9 — — -3.72
Spring Bayou 
one Tensas 4.5 58.1 19.8 0
two Tensas 5.5 77.8 - 42.9 -0.30
three Kobel 5.0 67.7 3.3 11.2 -1.04
Quimby
one Goldman 4.8 48.4 0
two Kobel 5.6 68.7 - - -1.04
three Kobel 4.5 65.5 3.5 34.3 -1.86
four Fausse 5.6 62.2 102.1 58.3 -2.62
See Figure 1 for transect locations.
* 6 I.V. (importance values) based on summation of relative density and 
relative dominance (for overstory), and relative frequency 
(for understory).
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P l a n t  R esponse  A n a l y t i c a l  M ethods:
T h i r t y  t o  35 o n e - y e a r - o l d ,  b a r e - r o o t e d  s e e d l i n g s  were p l a n t e d  
d u r in g  t h e  l a t e  dorm ant p e r io d  (March) o f  1982. Root sam ples  from 
f o u r  s e e d l i n g s  p e r  p l o t ,  w ere  ta k e n  from l a t e  J u l y  -  e a r l y  A u g u s t ,
1983, and th e n  a g a in  i n  Septem ber 1983. The r o o t s  from ea c h  t r e e
w ere  a s s a y e d  to  d e te rm in e  a l c o h o l  d eh y d ro g en a se  (ADH) a c t i v i t y  and 
r o o t  c o a t in g  c o n s t i t u e n t s .
ADH E x t r a c t i o n  and A ssay :
The g r in d i n g  b u f f e r  u sed  f o r  th e  e x t r a c t i o n  o f  ADH from th e  r o o t s  
c o n s i s t e d  o f :  100-mM Trizm a HC1 ( a d j u s t e d  to  pH 7 .3  w i th  Trizma 
b a s e ) ;  5-mM MgCl2 ; 0.5-mM TPP; 20-mM DTT; 10% w/v PVP (A nderson ,  
1968; John  and Greenway, 19 7 6 ) .  A p p ro x im ate ly  0 .5  g o f  r o o t s  w ere
removed from  a s e e d l i n g ,  w ashed ,  r i n s e d  i n  d i s t i l l e d  l^ O ,  and
p la c e d  i n t o  a s m a l l  p rew e ig h ed  p l a s t i c  bag w i th  5 .0  ml o f  g r in d i n g  
b u f f e r  i n  th e  f i e l d .  T h is  was th e n  im m ed ia te ly  f r o z e n  on d ry  i c e .  
Upon r e t u r n  from  th e  f i e l d ,  bags  c o n t a in in g  th e  f r o z e n  sam ples  were 
w eighed f o r  r o o t - w e ig h t  d e t e r m i n a t i o n .  The sam p les  were a l lo w ed  to  
thaw i n  i c e - c o l d  m o r t a r s ,  g ro u n d ,  and a n a ly z e d  f o r  ADH w i t h i n  two 
h o u r s .  The sam ple  e x t r a c t s  w ere a s s a y e d  a t  30°C i n  th e  f o l l o w in g  
r e a c t i o n  m i x tu r e :  2 .8  ml t o t a l  vo lum e, 5 .4  mM M g C ^ ,  0 .2 6  mM 
NADH, 0 .4 0  mM a c e t a l d e h y d e , i n  14 mM T r i s  b u f f e r  a t  pH 8 .0  ( Jo h n  and 
Greenway, 1976 ) .
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Root C o a t in g  A n a ly s i s :
A s e p a r a t e  sam ple o f  r o o t  t i s s u e  was c o l l e c t e d  from  e a c h  s e e d l i n g  
f o r  th e  d e t e r m i n a t i o n  o f  r o o t  c o a t in g  c o m p o s t i t i o n  u s in g  a 
m o d i f i c a t i o n  o f  th e  method o f  J a c k s o n  (1 9 5 8 ) .  T h is  b a s i c  method has  
been  u t i l i z e d  by Bacha and  H o ssn er  ( 1 9 7 7 ) ,  M endelssohn  and P o s te k  
(1982) and T a y lo r  e t  a l .  ( 1 9 8 4 ) .  The sam ples  w ere r i n s e d  o f  e x c e s s  
s o i l  w i th  d i s t i l l e d  w a t e r ,  p a t t e d  d r y ,  p la c e d  i n  p l a s t i c  bags  and 
im m e d ia te ly  f r o z e n  on d ry  i c e  i n  th e  f i e l d .  Upon r e t u r n  to  th e  
l a b o r a t o r y ,  t h e s e  sam p les  w ere k e p t  f r o z e n  u n t i l  a n a ly z e d .  A f t e r  
a b o u t  one m onth , t h e  sam p les  ( c a .  0 .5  g f r .  w t)  w ere  w e ig h ed ,  and 
p la c e d  i n  a b e a k e r  c o n t a i n i n g  40 ml o f  0 .3  M N a - c i t r a t e  and 5 ml of 
1 .0  M N a - b ic a rb o n a te  a t  80°C. One g N a - d i t h i o n i t e  was added to  
t h i s  w h i le  th e  s o l u t i o n  was s t i r r e d .  The s u s p e n s io n  was k e p t  a t  
80°C f o r  15 m in . A f t e r  d e t e r m i n a t i o n  of vo lum e, th e  s o l u t i o n  was 
f i l t e r e d  th ro u g h  45 um f i l t e r s  and s t o r e d  w i th  0 .0 4  g EDTA p e r  
sam p le .  Two b la n k s  were ru n  f o r  e v e ry  b a t c h  o f  t e n  sam p les  and th e  
a v e ra g e  l e v e l  o f  b la n k  e le m e n ts  was s u b t r a c t e d  from  th e  sam p les  o f  
t h a t  b a t c h .  The e x t r a c t  was a n a ly z e d  w i th  an  ICAP ( I n d u c t i v e l y  
Coupled Argon P lasm a) s p e c t r o p h o to m e te r  f o r  th e  f o l l o w i n g  e l e m e n t s :  
A l ,  As, Ca, F e ,  K, Mn, N i ,  P , and Zn.
S o i l  d a t a :
S o i l  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  ( r e d o x ) ,  oxygen s t a t u s ,  and 
w a te r  c o n t e n t  d a t a  w ere c o l l e c t e d  a t  m on th ly  i n t e r v a l s  from  d u p l i c a t e  
s e t s  of p e rm a n e n t ly  i n s t a l l e d  equ ipm ent a t  each  p l o t  a t  f o u r  d e p t h s :  
15, 3 0 ,  60 , and 120 cm. The sam p ling  equ ipm ent was o n ly  a c c e s s a b l e
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when th e  d e p th  o f  s u r f a c e  w a te r  was l e s s  th a n  a b o u t  15 cm. Thus, 
u n a v o id a b ly ,  more d a t a  was a v a i l a b l e  th ro u g h o u t  t h e  y e a r  from th e  
h ig h e r  p l o t s .  W a t e r - t a b l e  d e p th  was m easured  i n  two p e r f o r a t e d  PVC 
p ip e s  i n  g r a v e l - l i n e d  w e l l s  t o  a d e p th  o f  120 cm a t  each  p l o t .
a )  w a te r  c o n t e n t :
I  u sed  a T r o x l e r  model 3222 d e p th  m o i s tu r e  gauge (a  n e u t ro n  p robe  
d e v i c e )  u s in g  aluminum a c c e s s  tu b e s  t o  m easu re  t h e  w a te r  c o n t e n t  
(w e ig h t  p e r  volum e) o f  t h e  s o i l .
b )  0 2 :
The s o i l  oxygen c o n t e n t  was e s t i m a t e d  u s in g  s o i1 -a tm o s p h e re  
e q u i l i b r i u m  cham bers s i m i l a r  t o  t h a t  d e s c r ib e d  by P a t r i c k  (1 9 7 7 ) .
3
I n v e r t e d  p l a t i c  c e n t i f u g e  t u b e s ;  v o l  = 30 cm , d i a m e te r  = 2 .8  cm, 
l e n g t h  = 6 . 5  cm; were b u r i e d  t o  th e  d e s i r e d  d e p th  and th e  c o n t e n t s  
w ere  a c c e s s e d  v i a  a 0 .3  cm o . d .  co p p e r  t u b in g  w hich  had a th re e -w a y  
v a l v e  a t  th e  a e r i a l  en d .  A sam ple o f  t h e  g as  from w i t h i n  t h e  chamber 
was removed u s in g  a s y r in g e  and m easured  w i th  a Y ellow  S p r in g s  model 
51B oxygen m e te r .  T h is  g a s  was th e n  r e i n j e c t e d  i n t o  th e  cham ber.
c )  red o x  p o t e n t i a l :
S o i l  red o x  p o t e n t i a l  (Eh) d a t a  w ere  c o l l e c t e d  u s in g  p e rm a n e n tly  
i n s t a l l e d ,  m e r c u r y - f i l l e d ,  b r i g h t  p la t in u m  e l e c t r o d e s .  The red o x  
v a l u e s  w ere re a d  u s in g  an  O r io n  model 231 m i l l i v o l t  m e te r  and a 
c a lo m e l  r e f e r e n c e  e l e c t r o d e .
S t a t i s t i c a l  M ethods:
a )  e s t a b l i s h m e n t  o f  " w e tn e s s "  g r a d i e n t :
A tw o - s te p  a p p ro a c h  was ta k e n  i n  o r d e r  t o  g roup  th e  p l o t s  a s
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e i t h e r  "w e t"  o r  "m e s ic "  on th e  b a s i s  o f  t h e  s o i l  w e tn e s s  d a t a .  S ince  
a l a r g e  number o f  s o i l - m o i s t u r e  v a r i a b l e s  w ere c o l l e c t e d ,  and a l l  of 
them above w ere h ig h l y  c o r r e l a t e d  w i th  ea c h  o t h e r  (P < 0 .001  f o r  each  
p a i r - w i s e  c o m p a r is o n ) ,  p r i n i c p a l  component a n a l y s i s  was u sed  a s  th e  
f i r s t  s t e p  so t h a t  th e  number o f  v a r i a b l e s  and th e  p rob lem s due to  
m u l t i c o l l i n e a r i t y  c o u ld  be r e d u c e d .  T h is  method p ro d u c e s  a s e t  of 
p r i n c i p a l  com ponen ts ,  w h ich  m a in ta in s  most o f  th e  i n f o r m a t io n  ab o u t  
th e  v a r i a t i o n  i n  th e  o r i g i n a l  d a t a .  The p r i n c i p a l  com ponents were 
c a l c u l a t e d  u s in g  t h e  SAS (19 8 2 )  "P rincom p" p ro c e d u re  a f t e r  f i r s t  
s t a n d a r d i z i n g  th e  d a t a  (mean = 0 . 0 ,  v a r i a n c e  = 1 . 0 ) .  The d a t a  were 
c o l l e c t e d  d u r in g  1983 and c o n s i s t e d  o f  t h e  mean from  each  p a i r  of 
r e p l i c a t e  m easurem ents  from eac h  p l o t  on th e  f o u r  t r a n s e c t s  s t u d i e d .
The second  s t e p  was t o  c l a s s i f y  th e  p l o t s  i n t o  e i t h e r  o f  two 
g ro u p s ,  wet o r  m e s ic ,  b a sed  on th e  means o f  th e  f i r s t  and second  
p r i n c i p a l  com ponents .  P r i n c i p a l  com ponents a r e  n o t  i n t e r c o r r e l a t e d  
and a r e  t h e r e f o r e  u s e f u l  i n  c l u s t e r  a n a l y s i s .  The p l o t s  w ere grouped  
based  on th e  f i r s t  two c l u s t e r s  p roduced  by th e  SAS " C l u s t e r "  
p r o c e d u r e .  The a lg o r i th m  s p e c i f i e d  was W ard 's  method (SAS, 1982).
I t  p ro d u c e s  an  a g g l o m e r a t iv e ,  h i e r a r c h i c a l  s e t  o f  c l u s t e r s .
A tw o - s ta g e  ap p ro a c h  was a l s o  u sed  in  th e  deve lopm en t o f  th e  model 
t o  p r e d i c t  p l o t  w e tn e s s  from  th e  r o o t  d a t a .  The i n i t i a l  s t e p  was to  
choose  th e  b e s t  p r e d i c t o r s  from  among th e  r o o t  v a r i a b l e s .  A l l  
p o s s i b l e  p r e d i c t o r  v a r i a b l e s  (ADH, A l ,  As, Ca, F e ,  Fe/Mn, K, Mg, Mn,
N i ,  P , and Zn) w ere e n t e r e d  i n t o  th e  SAS " S t e p d i s c "  p r o c e d u r e ,  a lo n g  
w i th  th e  p l o t  w e tn e s s  c l a s s i f i c a t i o n  f o r  e a c h  sam pled t r e e .  T h is
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method s e l e c t e d  th e  v a r i a b l e s  w hich c o n t r i b u t e d  most t o  th e  
d i s c r i m i n a t o r y  power o f  t h e  m ode l.  The o p t i o n s  chosen  f o r  th e  
p ro c e d u re  (SAS, 1982) w ere  t h e  s te p w is e  d i s c r i m i n a n t  s e l e c t i o n  method 
( S r i v a s t a v a  and C a r t e r ,  1 9 8 3 ) ,  and an  e n t r a n c e  c r i t e r i o n  o f  P > F = 
0 .1 5  (C o s ta n z a  and A f i f i ,  1979).
F o llo w in g  th e  s e l e c t i o n  o f  v a r i a b l e s  f o r  u se  i n  th e  d i s c r i m i n a n t  
model f o r  th e  combined t r a n s e c t  d a t a ,  th e  " D isc r im "  p ro c e d u re  (SAS, 
1982) was used  to  d e v e lo p e  and c h a r a c t e r i z e  a model to  p r e d i c t  th e  
p l o t  w e tn e s s  g roup  (w et o r  m e s ic )  from s t a n d a r d i z e d  r o o t  v a r i a b l e  
d a t a .  The p r o b a b i l i t y  o f  m i s c l a s s i f i c a t i o n  o f  each  model was 
d e te rm in e d  by two t e c h n i q u e s :  1) th e  a p o s t e r i o r i  
r e s u b s t i t u t i o n  method (L ac h en b ru ch  and M ickey , 1968; G reen 1978, 
p . 1 7 6 ) ,  i n  w hich  th e  sam ples  u sed  t o  c o n s t r u c t  th e  d i s c r i m i n a n t  
f u n c t i o n  a r e  th e n  used  t o  d e te rm in e  i t s  m i s c l a s s i f i c a t i o n  r a t e ;  and 
t h e  j a c k k n i f e  method (T ukey , 1949; L achenbruch  and M ickey , 1968;
S oka l and R o h l f ,  19 8 1 ) ,  w h e re in  eac h  o b s e r v a t i o n  i s  l e f t  o u t  i n  th e  
developm ent o f  th e  model and th e n  used  i n  t u r n  to  t e s t  i t .
SEM E x a m in a t io n :
R oo ts  o f  g r e e n  a s h  s e e d l i n g s  w ere c o l l e c t e d  from p l o t s  one and 
t h r e e  o f  th e  S p r in g  Bayou t r a n s e c t  d u r in g  A p r i l  o f  1983. The 
s e e d l i n g s  w ere two y e a r s  o ld  a t  t h i s  t im e ,  and had been  grow ing on 
th e  t r a n s e c t  f o r  a y e a r .  S e v e r a l  o f  th e  h e a l t h i e s t  t e r m in a l  r o o t  
segm ents  w ere chosen  from one s e e d l i n g  a t  each  p l o t .  These were 
r i n s e d  i n  d e io n iz e d  w a t e r ,  and s t o r e d  i n  2% GTA f i x a t i v e  i n  0 .0 2  M 
p h o sp h a te  b u f f e r ,  pH 7 .2  i n  t h e  f i e l d .  S e v e ra l  days  l a t e r  th e y  were
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washed I n  b u f f e r ,  th e n  I n  d e io n iz e d  w a t e r ,  and d e h y d ra te d  i n  a 
g r a d u a te d  e t h a n o l  s e r i e s  fo l lo w e d  by c r i t i c a l  p o i n t  d ry in g  (P o s te k  e t  
a l . , 1980 ) .  They w ere c o a te d  w i th  a p p ro x im a te ly  200 A 
g o ld - p a l l a d i u m ,  and p h o to g ra p h e d  u s in g  a H i t a c h i  S-500 SEM a t  25 KeV.
RESULTS
P r i n c i p a l  Components A n a ly s i s :
The f i r s t  two p r i n c i p l e  com ponents ( " p r i n l "  and " p r i n 2 " ) acc o u n te d  
f o r  75.5% o f  t h e  v a r i a n c e  i n  th e  13 s o i l  v a r i a b l e s ,  and were th e  o n ly  
ones  t h a t  had e i g e n v a lu e s  g r e a t e r  th a n  one (T a b le  2 ) .  The t h i r d  
p r i n c i p a l  component o n ly  a c c o u n te d  f o r  an  a d d i t i o n a l  7.6%. I  
t h e r e f o r e  d e c id e d  to  r e t a i n  o n ly  t h e  f i r s t  two f o r  f u r t h e r  a n a l y s i s .
An a n a l y s i s  o f  th e  f a c t o r  lo a d in g  i n d i c a t e d  t h a t  a l l  o f  th e  o r i g i n a l  
v a r i a b l e s  lo a d e d  f a i r l y  u n i fo rm ly  on p r i n l ,  w h i le  w a te r  c o n t e n t  d a t a  
a p p e a re d  t o  dom ina te  p r i n 2  (T a b le  2 ) .  W ater c o n t e n t  and w a te r  d e p th  
w ere i n v e r s e l y  r e l a t e d  to  th e  o t h e r  v a r i a b l e s  o f  p r i n l , w hich  
s u g g e s te d  t h a t  t h i s  a x i s  r e f l e c t e d  th e  o r i g i n a l  i n t e r c o r r e l a t i o n s  o f  
t h e  s o i l  d a t a  i n  r e s p o n s e  to  w a te r l o g g in g .  At th e  h ig h  v a l u e s  of 
p r i n l  ( t h e  m esic  e n d ) ,  s o i l  m o i s tu r e  and w a te r  d e p th  w ere low , w h i le  
th e  red o x  p o t e n t i a l  and oxygen l e v e l s  w ere h ig h ,  th e  o p p o s i t e  was 
t r u e  a t  low v a l u e s  o f  p r i n l .  A h ig h  v a l u e  f o r  p r in 2  would i n d i c a t e  a 
r e l a t i v e l y  h ig h  s o i l  m o i s tu r e  c o n t e n t .  The p l o t s  a r e  shown r e l a t i v e  
t o  t h e i r  a v e ra g e  p r i n l  and p r in 2  v a l u e s  i n  F ig u r e  2 .  A v a r im ax  
r o t a t i o n  o f  f a c t o r  s c o r e s  was p erfo rm ed  i n  o r d e r  to  f a c i l i t a t e
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T able  2. P r i n c i p a l  components a n a l y s i s  of s ta n d a rd iz e d  (m =0,s=l) 




v a r i a b l e p r i n .  1 p r i n .  2 h2
WC15 -0 .2 6 9 0.388 0.223
WC30 -0 .241 0.477 0.286
WC60 -0 .251 0.456 0.271
WC120 -0 .244 0.385 0.208
EH15 0.281 0.208 0.122
EH30 0.298 0.180 0.121
EH60 0.292 0.126 0.101
EH120 0.271 0.063 0.077
0X15 0.283 0.198 0.119
0X30 0.308 0.239 0.152
0X60 0.294 0.189 0.122
0X120 0.262 0.144 0.089
WDEP -0 .301 -0 .130 0.107
e ig e n v a lu e s 7.8607 1.9607
cum. % 60.47 75.55
*  2
h i s  the  com munality: th e  v a r ia n c e  accounted  f o r  by th e  
f i r s t  two p r i n c i p a l  components.
**
a b b r e v ia t i o n s  f o r  v a r i a b l e s  a r e  a s  f o l lo w s ,  WC15 i s  the  w a te r  
c o n te n t  (w e ig h t /v o l )  a t  15 cm, e t c . ;  EH i s  th e  redox p o t e n t i a l ;  
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P r i n c i p a l  C o m p o n e n t  O n e
F ig u re  2 . Mean o f  p r i n c i p a l  component one and two f o r  t r a n s e c t  s o i l  
w e tn e s s  d a t a .  The l e t t e r s  " P " ,  "R " ,  " S " ,  and "Q" d e s i g n a t e  P e a r l  
R iv e r ,  Red R iv e r  Bay, S p r in g  Bayou, and Quimby, r e s p e c t i v e l y .  Numbers 
r e f e r  t o  p l o t  num ber. The s q u a r e  sym bols a r e  th e  "w e t"  p l o t s ,  t r i a n g l e s  
a r e  " m e s ic " .
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i n t e r p r e t a t o n  o f  th e  p r i n c i p a l  com ponen ts .  T h is  r e s u l t e d  i n  a s h i f t  
o f  th e  f a c t o r  lo a d in g s  o f  th e  w a te r  c o n t e n t  from p r i n l  t o  p r i n 2 .  As 
t h i s  d id  n o t  a f f e c t  t h e  above i n t e r p r e t a t i o n ,  th e  r e s u l t s  o f  th e  
v a r im a x  r o t a t i o n  a r e  n o t  p r e s e n t e d .
C l u s t e r  A n a ly s i s :
The g roup  m em berships b ased  on th e  " C l u s t e r "  p ro c e d u re  a r e  
i n d i c a t e d  on F ig u r e  2 .  The p ro c e d u re  was r e r u n  u s in g  t h e  a v e ra g e  
l i n k a g e  a l g o r i t h i m  i n s t e a d  o f  W a rd 's ,  and th e  membership o f  t h e  two 
l a r g e s t  c l u s t e r s  was i d e n t i c a l .  The m a j o r i t y  (1 0 )  o f  t h e  p l o t s  were 
c l a s s i f i e d  a s  " w e t" ,  and o n ly  f o u r ;  p l o t s  one and two a t  Quimby and 
Red R iv e r ;  w ere g rouped  i n t o  th e  "m e s ic "  c a t e g o r y .
D is c r im in a n t  A n a ly s i s :
A w e t /m e s ic  c l a s s i f i c a t i o n  v a r i a b l e  was added  to  th e  d a t a  s e t  of 
e a c h  s e e d l i n g ,  based  upon th e  p l o t  i t  had come from . The s te p w is e  
d i s c r i m i n a n t  a n a l y s i s  th e n  i d e n t i f i e d  w hich  o f  t h e  r o o t  v a r i a b l e s  
w ere  " b e s t "  a b l e  t o  d e te rm in e  w h e th e r  th e  s e e d l i n g  had come from  a 
w et o r  a m e s ic  p l o t .  These  v a r i a b l e s ,  i n  d e s c e n d in g  o r d e r  o f  t h e i r  
p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t s ,  w e re :  K, Fe/Mn, N i ,  Mg, ADH, and Mn 
(T a b le  3 ) .
The above v a r i a b l e s  w ere  u sed  i n  th e  d i s c r i m i n a n t  a n a l y s i s .
F i r s t ,  t h e  n u l l  h y p o th e s i s  o f  hom ogeneity  o f  w i t h i n  c o v a r i a n c e  
m a t r i c e s  (T a b le  4) o f  th e  two w e tn e s s  g ro u p s  was t e s t e d .  The t e s t  i s  
a l i k e ly h o o d  r a t i o  t e s t  ( K e n d a l l  and S t u a r t ,  1 9 6 8 ) .  The r e s u l t i n g  
c h i - s q u a r e  t e s t  v a l u e  was 2 0 1 .2 0  (21 d f ) :  P > c h i - s q u a r e  = 0 .0 0 0 1 .
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Table 3. Summary of forw ard s tep w ise d is c r im in a n t
*
a n a ly s i s  .
s te p v a r i a b l e
e n te re d
p a r t i a l
2r
F p>F W ilk 's
lambda
R2
1 K 0.2469 32.789 0.0001 0.7531 0.2469
2 Ni 0.0710 7.567 0.0071 0.6996 0.3004
3 Fe/Mn 0.1123 12.398 0.0007 0.6210 0.3790
4 Mg 0.0440 4.462 0.0372 0.5937 0.4063
5 Mn 0.0317 3.142 0.0795 0.5749 0.4251
6 ADH 0.0360 3.550 0.0626 0.5542 0.4458
2
s t a t i s t i c s  g iven  a t  each  s te p  a r e :  r  , th e  squared  p a r t i a l
c o r r e l a t i o n ;  F , prob > F based on one-way a n a ly s i s  of c o v a r ian ce ;
W i lk 's  lambda ( th e  a s s o c ia t e d  F app rox im ation  prob > F [no t  shown]
2
was 0 .000  f o r  each s t e p ) ;  R , th e  average  squared  can o n ica l
2
c o r r e l a t i o n  (p rob  > R [no t shown] was 0 .000  f o r  each s t e p ) .
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Table 4. Within-group covariance m atrices  .
v a r ia b le K Fe/Mn
mesic
Ni Mg Mn ADH
K 1.0 -0.0930 0.1907 0.3405 0.0403 -0.0076
Fe/Mn -0.0025 1.0 0.0149 -0.0445 -0.0113 -0.0186
w Ni -0.0239 -0.4833 1.0 0.0562 0.0299 0.0311
e
t  Mg 0.4017 0.1082 -0.2421 1.0 0.0184 -0.0586
Mn -0.3788 -0.5312 0.4605 -0.4584 1.0 0.0120
ADH 0.1311 -0.1513 -0.0570 0.1135 -0.2009 1.0
the mesic group had 26 degrees of freedom, the wet had 74.
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As t h i s  v a l u e  was s i g n i f i c a n t  a t  th e  0 .1 0  l e v e l ,  t h e  w i t h i n  
c o v a r i a n c e  m a t r i c e s  (T a b le  4 )  were used  i n  th e  d i s c r i m i n a n t  f u n c t i o n  
r a t h e r  th a n  th e  p o o led  c o v a r i a n c e  m a t r ix  (K e n d a l l  and S t u a r t ,  1968).  
The means and s t a n d a r d  d e v i a t i o n s  o f  t h e  r o o t  c o a t i n g  and ADH d a t a  o f  
th e  s e e d l i n g s  from th e  two s o i l  w e tn e s s  c l a s s e s  ( a s  d e te rm in e d  by 
c l u s t e r  a n a l y s i s )  a r e  p r e s e n te d  i n  T ab le  5 .
Under most s i t u a t i o n s  i n  w hich  one would want t o  u t i l i z e  r o o t  
r e s p o n s e  v a r i a b l e s  t o  i d e n t i f y  s i t e - w e t n e s s  c a t e g o r i e s ,  a p r i o r  
c l a s s i f i c a t i o n  would n o t  be a v a i l a b l e .  T h e r e f o r e ,  th e  p r i o r  
p r o b a b i l i t y  o f  membership i n t o  e i t h e r  g roup  was c o n s id e r e d  e q u a l ,  and 
th e  p ro c e d u re  a s s ig n e d  p r o f i l e s  on th e  b a s i s  o f  th e  f o l l o w in g  
q u a d r a t i c  d i s c r i m i n a n t  f u n c t i o n :
2 _  -1  _
D (X) = (X-X ) '  COV (X-X ) + In  |C0V |
J  J  J  J  J
w here J  i s  t h e  s u b s c r i p t  r e f e r r i n g  to  w e tn e s s  c l a s s ,  and X and X a r e
th e  mean and i n d i v i d u a l  r o o t  v a r i a b l e  m a t r i c e s ,  r e s p e c t i v e l y  (SAS,
19 8 2 ) .  The n a t u r a l  lo g  o f  th e  d e t e r m in a n t  of th e  c o v a r ia n c e  m a t r i c e s
was - 0 .5 2 3  f o r  th e  w et g roup  and -1 2 .2 4 0  f o r  t h e  m e s ic  g ro u p .  T h is
fo rm u la  was a p p l i e d  t o  th e  v e c t o r  o f  p r e d i c t o r  v a r i a b l e s  f o r  th e
o b s e r v a t i o n  i n  q u e s t i o n ,  u s in g  th e  a p p r o p r i a t e  mean v e c t o r  and
c o v a r i a n c e  m a t r ix  f o r  b o th  w e tn e s s  c l a s s e s  i n  t u r n .  The o b s e r v a t i o n
was a s s ig n e d  t o  th e  g roup  f o r  w hich  i t s  g e n e r a l i z e d  d i s t a n c e ,
2





Means and s ta n d a rd  d e v ia t io n s ,  of ADH and a l l  
ro o t  c o a t in g  c o n s t i t u e t s  by s o i l  w etness c a te g o ry .
mesic c l a s s  (n=27) wet c l a s s  (n=75)
mean s mean s
ADH 45.87 29.775 59.67 97.182
Al 28.36 21.494 72.27 67.651
As 15.43 15.946 34.73 29.923
Ca 616.00 159.293 569.81 382.393
Fe 834.61 970.197 5632.94 5056.766
Fe/Mn 13.14 16.998 56.42 76.636
K 3543.80 1387.661 1963.60 1168.967
Mg 207.14 73.567 185.90 157.683
Mn 82.78 43.175 315.93 374.681
Ni 1.27 1.284 2.27 1.584
P 222.51 116.152 309.96 327.158
Zn 5.59 3.088 10.36 20.973
u n i t s  o f  ADH (a lc o h o l  dehydrogenase) a re  in  um oles/g  f r .  w t /h ;  
u n i t s  of r o o t  c o a t in g  c o n s t i t u e n t s  a r e  i n  ug /g  f r .  w t,  excep t Fe/Mn 
which i s  th e  r a t i o  of Fe t o  Mn c a l c u la te d  on a p e r  p la n t  b a s i s .
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When th e  above fo rm u la  was a p p l i e d  t o  a l l  o b s e r v a t i o n s  i n  th e  d a t a  
s e t ,  t h e  a_ p o s t e r i o r i  p r o b a b i l i t y  o f  c o r r e c t  c l a s s i f i c a t i o n  
o f  t h e  w et p l o t s  was 96.0% and t h a t  o f  t h e  m esic  p l o t s  was 96.3% 
H owever, t h i s  e s t i m a t e  o f  a c c u r a c y  i s  known to  be b ia s e d  in  t h a t  i t  
t e n d s  t o  u n d e r e s t i m a t e  t h e  a c t u a l  p r o b a b i l i t y  o f  r a i s c l a s s i f i c a t i o n  
(G re e n ,  1978 p .  176; L ac h en b ru ch  and M ickey , 19 6 8 ) .  T h e r e f o r e ,  th e  
p r o b a b i l i t y  o f  c o r r e c t  c l a s s i f i c a t i o n  was d e te rm in e d  u s in g  th e  
j a c k k n i f e  t e c h n i q u e ,  w h ich  i s  u n b ia s e d  (L ac h en b ru ch  and M ickey ,
1 9 6 8 ) .  Each o b s e r v a t i o n  was a s s ig n e d  to  a w e tn e s s  c l a s s  u s in g  th e  
d i s t a n c e  model d e r iv e d  f o r  th e  d a t a  s e t  e x c l u s i v e  o f  t h a t  o b s e r v a t i o n  
(S o k a l  and  R o h l f ,  19 8 1 ) .  T h is  method i n d i c a t e d  t h a t  th e  o v e r a l l  
p r o b a b i l i t y  o f  c o r r e c t  c l a s s i f i c a t i o n  o f  th e  wet p l o t s  was 92.0%, and 
88.9% f o r  t h e  m esic  c l a s s  (T a b le  6 ) .
SEM E x a m in a t io n :
Root sam p les  from  b o th  p l o t  one and t h r e e  o f  th e  S p r in g  Bayou 
t r a n s e c t  showed some d e g r e e  o f  c o a t i n g  and th e  p r e s e n c e  o f  f u n g a l  
hyphae ( F i g .  3 ,  a& b). The sam ple  from  p l o t  t h r e e  ( F i g .  3 ,  a )  was 
am orphous , and a c c o r d in g  t o  Chen e t  a l .  ( 1 9 8 0 ) ,  t h e  c o n sp ic u o u s  c r a c k  
i s  c h a r a c t e r i s t i c  o f  i r o n  o x y h y d ro x id e  (FeOOH). I n  c o n t r a s t ,  t h e  
c o a t i n g  on  th e  sam ple  from  p l o t  one was t h i n n e r  and exposed  e p id e rm a l  
c e l l s  w ere  v i s i b l e  i n  p l a c e s  ( F i g . 3 ,  b ) .  Root h a i r s  and hyphae 
p r o j e c t e d  th ro u g h  t h e  r o o t  c o a t i n g  o f  b o th  s a m p le s .
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Table 6. Summary of Jackkn ife  d e te rm ina tions  of c o r re c t  c l a s s i f i c a t i o n s  of 
s i t e  wetness category  based on p r e d ic to r  v a r i a b le s :  K, Fe/Mn, Ni, Mg, Mn and 
ADH.
P ea r l  Red Spring Quimby Over*
River River Bayou All
number of root 
samples from:
mesic p lo t s  0 12 0 15 24
wet p lo t s  29 6 24 16 75
percen t c o r r e c t ly  grouped: 
grouped in to :
mesic -  91.7 — 86.7 88.9
wet 100.0 100.0 91.7 75.0 92.0
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F ig u re  3. S can n in g  e l e c t r o n  m ic ro g ra p h s  o f  g re e n  a sh  r o o t s  from 
S p r in g  Bayou t r a n s e c t  a t  p l o t s  t h r e e  (a) and one ( b ) . Root c o a t i n g s ,  
r o o t  h a i r s ,  and m y c o r rh iz a l  hyphae can  be  se e n  i n  b o th  sa m p le s .  The 
l a r g e  c r a c k  i n  t h e  u p p e r - c e n t e r  o f  (a )  i s  c h a r a c t e r i s t i c  o f  Fe-OOH 
c o a t i n g s  (Chen e t  a l . ,  19 8 0 ) .
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DISCUSSION
The m a t e r i a l  t h a t  c o l l e c t s  a t  th e  r o o t - s o i l  i n t e r f a c e  i s  n o t  a 
p a r t  o f  th e  r o o t ,  y e t  i t  i s  d i s t i n c t l y  d i f f e r e n t  and i s o l a b l e  from 
th e  s u r r o u n d in g  s o i l .  From an e c o l o g i c a l  p o i n t  o f  v ie w ,  r o o t  
c o a t in g s  o f f e r  a u n iq u e  v a n ta g e  p o i n t  i n  t h e  a n a l y s i s  o f  p l a n t - s o i l  
i n t e r a c t i o n s .  Under w a te r lo g g e d  s o i l  c o n d i t i o n s ,  o x i d a t i o n - r e d u c t i o n  
c h e m is t ry  w i l l  p l a y  a dom inan t r o l e  i n  th e  f o r m a t io n  o f  c o a t in g s  
a round  o x i d i z i n g  r o o t s  and t h e i r  c o m p o s i t io n  s h o u ld  be an  i n t e g r a t e d  
(o v e r  t im e )  f u n c t i o n  o f  s o i l  X r h i z o s p h e r e  c h e m is t r y .  T h e r e f o r e ,  
some c o n s t i t u e n t s  o f  t h e s e  c o a t i n g s  (and  ADH, w hich i s  known t o  be 
s t i m u l a t e d  u n d e r  a n a e r o b ic  c o n d i t i o n s )  sh o u ld  be u s e f u l  in  
d i f f e r e n t i a t i n g  wet from m esic  s i t e s .  The r e s u l t s  of t h i s  ex p e r im en t 
s u b s t a n t i a t e d  t h i s  h y p o t h e s i s :  t h e  r o o t  c o a t in g s  and a n a e r o b ic  
r e s p i r a t i o n  w ere d i s t i n c t l y  d i f f e r e n t  enough on w et and m esic  s i t e s  
to  be u s e f u l  i n  th e  deve lopm en t o f  a model f o r  s i t e  w e tn e s s  
c l a s s i f i c a t i o n .
G e n e ra l  Mechanisms o f  Root C o a t in g  F o rm a t io n :
The mechanisms g o v e rn in g  d e p o s i t i o n  o f  m a t e r i a l s  on r o o t  s u r f a c e s  
i n  s o i l  i s  an  e x t r e m e ly  com plex and r e l a t i v e l y  u n e x p lo re d  a r e a .  The 
o x id i z e d  zone a round  r o o t s  i n  r e d u c in g  e n v iro n m e n ts  i s  i n  some ways 
a n a lo g o u s  t o  t h e  t h i n  o x id i z e d  s u r f a c e  l a y e r  w hich  i s  o f t e n  
c h a r a c t e r i s t i c  o f  submerged s o i l s  and s e d im e n ts  (G am b re l l  and 
P a t r i c k ,  19 7 8 ) .  However, t h e r e  a r e  some d i f f e r e n c e s  t h a t  sh o u ld  be 
ta k e n  i n t o  c o n s i d e r a t i o n :  e . g .  r h i z o s p h e r e  pH and m y c o r rh y z ia l
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a s s o c i a t i o n s .
M y co rrh iza e  can  enhance r o o t  u p ta k e  o f  many n u t r i e n t s ,  i n c l u d i n g :  
P , K, Ca, Mg, F e ,  and Zn, th ro u g h  m y c e l i a l  p e n e t r a t i o n  o f  th e  s o i l ,  
e f f e c t i v e  n u t r i e n t  a b s o r p t i o n  and s t o r a g e ,  and i n c r e a s e d  r o o t  volume 
and l o n g e v i t y  (Bowen, 1 9 7 3 ) .  C e r t a i n  m y c o r r h iz a l  f u n g i  w i l l  t o l e r a t e  
w a te r lo g g e d  s o i l  c o n d i to n s ,  a l th o u g h  most do n o t  (A nderson  e t  a l . , 
19 8 4 ) .  I t  h a s  been  d e m o n s t r a te d  un d er  l a b o r a t o r y  c o n d i t i o n s  (Read 
and A rm strong ,  1972) t h a t  th e  g row th  o f  t h e s e  sym bion ts  un d er  
a n a e r o b ic  c o n d i t i o n s  i s  d e p e n d a n t  upon th e  d i f f u s i o n  o f  oxygen from 
t h e  r o o t s  o f  th e  h o s t  p l a n t .  G reen a s h  i s  a b l e  t o  o x id i z e  i t s  
r h i z o s p h e r e ,  and e v id e n c e  o f  m y c o r r h iz a l  r e l a t i o n s h i p s  w ere  o b se rv ed  
i n  sam ples  from  wet p l o t s  ( F ig .  3 ,  a&b). There  i s  t h e r e f o r e  no 
r e a s o n  to  s u s p e c t  t h a t  m ycorhyzae e x e r t e d  a p p r e c i a b l e  d i f f e r e n c e s  i n  
r o o t  c o a t in g s  ta k e n  from m esic  v e r s u s  wet p l o t s .
R oo ts  a r e  known to  in d u c e  pH changes w i t h i n  t h e i r  r h i z o s p h e r e s  
(Bowen, 1973; Godo and R e i s e n a u e r ,  1980 ) .  The pH i n c r e a s e s  i f  r o o t  
u p ta k e  o f  a n io n s  e x ce ed s  c a t i o n  u p ta k e ,  and v i c e  v e r s a  ( R i l e y  and 
B a rb e r ,  1971 ) .  T h is  can  i n f l u e n c e  n u t r i e n t  s o l u b i l i t y ;  f o r  exam ple ,  
r o o t  e x u d a te s  such  a s  h y d ro x y -c a rb o n a te s  have been  shown to  i n c r e a s e  
Mn a v a i l a b i l i t y  (Godo and R e i s e n a u e r ,  1980 ) .  However, g r e e n  a sh  
r h i z o s p h e r e  pH was n o t  m e asu re d .
The v a r i a b l e s  chosen  by th e  s te p w is e  d i s c r i m i n a n t  f u n c t i o n  were 
th o s e  w h ich  m ost e f f e c t i v e l y  s e p a r a t e d  th e  g roup  c e n t r o i d s  o f  th e  wet 
and m esic  p l o t s .  T h is  c h o ic e  depended on mean s e p a r a t i o n  and 
v a r i a n c e  o f  eac h  v a r i a b l e  a s  compared a c r o s s  th e  two g ro u p s .  Had a 
d i f f e r e n t  g ro u p in g  o f  p l o t s  been  d e v e lo p e d ,  th e n  a d i f f e n t  s e t  o f
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v a r i a b l e s  would have  l i k e l y  been  s e l e c t e d  a s  p r e d i c t o r s .  The o v e r a l l  
d i f f e r e n c e s  betw een each  o f  th e  r o o t  v a r i a b l e s  from th e  wet and m esic  
sam p les  w ere  i n  ag reem en t w i th  c e r t a i n  w e ll-d o c u m e n te d  p r o c e s s e s  
known t o  a f f e c t  t h e i r  c h e m ic a l  d ynam ics .  S in c e  t h e s e  v a r i a b l e s  can 
be d iv id e d  i n t o  g ro u p s  o f  e le m e n ts  w h ich  s h a r e  s i m i l a r  c h em ica l  
b e h a v io u r  i n  t h e s e  s y s te m s ,  a b r i e f  d i s c u s s i o n  o f  th e  p o s s i b l e  
u n d e r ly i n g  mechanisms i s  w a r r a n te d .  As th e  d a t a  i s  o n ly  c o r r e l a t i v e ,  
o n ly  a g e n e r a l ,  h y p o t h e t i c a l  t r e a tm e n t  o f  t h e s e  o b s e r v a t i o n s  i s  
p o s s i b l e  a t  th e  p r e s e n t  t im e .
PH and C a t io n  Exchange R e a c t io n s :  K , Mg, and Ca:
Of th e  e le m e n ts  a n a l y s e d ,  K was t h e  b e s t  p r e d i c t o r  v a r i a b l e ,  and
d e c r e a s e d  w i th  i n c r e a s e d  s i t e  w e tn e s s .  C a l c u l a t i o n s ,  b ased  on r o o t
i n t e r c e p t i o n  and r o o t  u p t a k e ,  and th e  u se  o f  a u t o r a d io g r a p h s  have 
86shown t h a t  Rb, an  a n a lo g  o f  K , (W alker and B a r b e r ,  1 9 6 2 ) ,  and 
Ca (B a rb e r  and O zanne, 1 9 7 0 ) ,  and Mg (A l Abbas and B a r b e r ,  1964; 
O l iv e r  and B a rb e r ,  1966) can  a c c u m u la te  a t  th e  r o o t - s o i l  i n t e r f a c e  
when th e  s u p p ly  t o  th e  r o o t  by mass f lo w  o r  d i f f u s i o n  e x ce ed s  th e  
u p ta k e  by th e  r o o t  ( s e e  B a rb e r  1984, ch 4 ) . '  T h is  would seem to  be a 
l i k e l y  e x p l a n a t i o n  o f  th e  r e l a t i v e l y  h ig h  l e v e l s  o f  K and Ca on th e  
r o o t  s u r f a c e s  o f  t h e  m e s ic  c l a s s  s a m p le s .  The d e c l i n e  i n  K, Ca, and 
Mg, on th e  r o o t s  from  th e  wet p l o t s ,  may be " a  s e c o n d a ry  e f f e c t  o f  
subm ergence and r e d u c t i o n ,  c h i e f l y  s o l v e n t  a c t i o n  o f  CC^ and 
c a t io n - e x c h a n g e  r e a c t i o n s  (Ponnamperuma p . 321 , 1 9 6 4 ) ."
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Oxidation-Reduction Reactions: Fe, Mn, Fe/Mn:
The red u ce d  form s o f  i r o n  and manganese a r e  s o l u b l e ,  w h i le  t h e i r  
o x id ix e d  fo rm s a r e  n o t  ( s e e  G am bre l l  and P a t r i c k ,  1978 ) .  Many f lo o d  
t o l e r a n t  s p e c i e s  ( e . g .  A rm stro n g ,  1968; Hook e t  a l ,  1970; K e e le y ,
1 9 7 9 ) ,  i n c l u d i n g  F ra x in u s  p e n n s y lv a n ic a  (Sena  Gomes and K o z lo w sk i ,
1 9 8 0 ) ,  a r e  a b l e  t o  o x id i z e  t h e i r  r h i z o s p h e r e s  u n d e r  r e d u c in g  s o i l  
c o n d i t i o n s .  T h is  p r o c e s s  can  r e s u l t  i n  a  p la q u e  o r  c o a t in g  o f  
o x id i z e d  i r o n ,  m anganese , and c o - p r e c i p i t a t e d  m a t e r i a l s  (C h a p te r  
S i x ) .  The p r e c i p i t a t i o n  o f  re d u c e d  i r o n  o n to  o x i d i z i n g  r o o t  s u r f a c e s  
h a s  been  w e l l  docum ented i n  many f l o o d - t o l e r a n t  s p e c i e s  ( B a r t l e t t ,
1961; Bacha and H o s s n e r ,  1977; G reen  and E t h e r i n g t o n ,  1977; Chen e t  
a l . , 1980; M endelssohn  and P o s t e k ,  1982; T a y lo r  e t  a l . , 1984).
A lthough  t h e i r  v a r i a t i o n  (T a b le  5) d im in is h e d  t h e i r  e f f e c t i v e n e s s  a s  
p r e d i c t o r  v a r i a b l e s  i n  t h i s  e x p e r im e n t ,  th e  i n c r e a s e  i n  th e  mean 
l e v e l s  o f  Fe and Mn on th e  wet p l o t s  was s t r i k i n g  (T a b le  5 ) .  I r o n  
i n c r e a s e d  by a f a c t o r  o f  s e v e n ,  and Mn by f o u r .  T hus , a l th o u g h  
v a r i a b l e ,  th e  o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  o f  Fe and Mn w ere 
o b v io u s ly  o f  p r im a ry  im p o r ta n c e  t o  th e  o v e r a l l  c h e m is t r y  o f  r o o t  
p la q u e  f o r m a t io n .
I t  h as  been  s u g g e s te d  ( s e e  C h a p te r  S ix )  t h a t  th e  Fe/Mn r a t i o  
s h o u ld  be a  s e n s i t i v e  i n d i c a t o r  o f  r o o t  o x i d a t i o n  i n  red u ce d  s o i l s  
b e c a u s e :  1) Mn o x i d a t i o n  i s  much s lo w e r  th a n  i r o n ,  2) th e  c r i t i c a l  
re d o x  p o t e n t i a l  f o r  i r o n  o x i d a t i o n  i s  low er th a n  t h a t  o f  Mn 
o x i d a t i o n ,  3) t h e s e  s o i l s  g e n e r a l l y  c o n t a i n  g r e a t e r  am ounts o f  i r o n  
th a n  manganese , and 4) t h e  r a t i o  c a n c e l s  d i f f e r e n c e s  i n  a b s o l u t e  
amount be tw een  o b s e r v a t i o n s .  The Fe/Mn v a l u e s  and Mn were much
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h ig h e r  on r o o t s  from  th e  w et p l o t s  (T a b le  5 ) ,  and w ere s e l e c t e d  a s  
p r e d i c t o r  v a r i a b l e s  (T a b le  3 ) .  I r o n  was l i k e w is e  much h ig h e r  among 
th e  wet r o o t  c o a t i n g  s a m p le s ,  b u t  was n o t  among th e  p r e d i c t o r  
v a r i a b l e s  p re su m ab ly  b e c a u se  b eca u se  o f  i t s  h ig h  s t a n d a r d  d e v i a t i o n  
(T a b le  5 ) .
S o r p t io n  R e a c t i o n s :  N i ,  P ,  A l ,  As, and Zn:
The dynam ics  o f  N i ,  P , A l ,  As, and Zn, a r e  i n d i r e c t l y  in f l u e n c e d  
by changes  i n  t h e  s o i l  red o x  p o t e n t i a l :  t h e i r  s o l u b i l i t y  i s  n o t  
governed  by v a l e n c y  ch an g es  a s  i s  t h e  c a s e  w i th  Fe and Mn. When 
re d u c e d  Fe and Mn a r e  o x id i z e d  th e y  form o x id e s  and o x y h y d ro x id es  
(Bacha and H o s s n e r ,  1977; Sims and P a t r i c k ,  1978; Chen e t  a l . , 1980). 
The a c c u m u la t io n  o f  t h e  above e le m e n ts  on r o o t s  from th e  wet p l o t s  i s  
p ro b a b ly  r e l a t e d  to  t h e  o x i d a t i o n  o f  Fe and Mn a t  th e  r o o t  s u r f a c e ,  
and th e  c o n c o m ita n t  o c c l u s i o n  o f  v a r i o u s  com plexes . A luminium- and 
F e -p h o s p h a te s  a r e  o n ly  s l i g h t l y  s o l u b l e  ( P a t r i c k  e t  a l . , 1973) and 
can  be o c c lu d e d  d u r in g  th e  fo rm a to n  o f  h y d ra te d  i r o n  and aluminum 
o x id e s  (M ah ap a tra  and P a t r i c k ,  1969; K h a l id  e t  a l . , 1977 ) .  I t  h as  
been  shown t h a t  Fe and Al i n t e r a c t  s y n e r g l s t i c a l l y  i n  phosphorous  
s o r p t i o n  i n t o  i r o n - p h o s p h o r o u s  and a lu m in u m -iro n -p h o sp h o ro u s  
com plexes  ( P r i t c h a r d  e t  a l . ,  19 8 4 ) .  The hyd rous  o x id e s  o f  A l ,  and 
t h o s e  o f  Fe and Mn, a c t  a s  a b s o r b a n t s  f o r  p h o sp h a te  and some o t h e r  
e l e m e n t s ,  i n c l u d i n g :  Ni (Bowen p .  54 , 1 9 7 9 ) ,  As (Bowen p . 53, 1979 ) ,  
and Zn (S im s and P a t r i c k ,  1978); w h ich  w ere a l l  g r e a t e r  i n  th e  r o o t  
c o a t i n g s  o f  t h e  w et p l o t s  (T a b le  5 ) .
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ADH:
Numerous s t u d i e s  have d e m o n s t ra te d  th e  s t i m u l a t i o n  of a l c o h o l i c  
f e r m e n t a t i o n  i n  f l o o d - t o l e r a n t  s p e c i e s  u n d e r  a n o x ic  c o n d i t i o n s  ( e . g .  
Jo h n  and Greenway, 1976; Sm ith  and Ap R e e s ,  1979; Rumpho and K ennedy, 
1981; T r i p e p i  and M i t c h e l l ,  19 8 4 ) .  T h is  r e s p o n s e  h a s  a l s o  been  
d e m o n s t r a te d  i n  g re e n  a s h  u n d e r  s h o r t  te rm  (Hook and Brown, 1973) and 
r e l a t i v e l y  lo n g  te rm  ( C h a p te r  S ix )  e x p e r im e n t s .  These r e s u l t s  have 
c o n s id e r e d  t h i s  t o  be p r i m a r i l y  a r e s u l t  o f  i n s u f f i c i e n t  oxygen f o r  
a e r o b i c  r e s p i r a t i o n .  R oot ADH i n  g re e n  a s h  can  a l s o  be s t i m u l a t e d  by 
h ig h  l e v e l s  o f  CC^ i n  th e  r o o t  en v iro n m en t (C h a p te r  F i v e ) ,  a 
s i t u a t i o n  o f  common o c c u r r e n c e  i n  f lo o d e d  s o i l s  (Ponnamperuma e t  a l . , 
1966; Hook e t  a l . , 1970).
Mean ADH was g r e a t e s t  from  th e  wet p l o t  sam ples  (T a b le  5 ) ,  and was
in c lu d e d  i n  t h e  d i s c r i m i n a n t  f u n c t i o n ;  how ever, based  on i t s  low 
2
r  (T a b le  3 ) ,  i t s  c o n t r i b u t i o n  to  th e  p r e d i c t i v e  c a p a c i t y  o f  t h e  
model was n o t  g r e a t .  The s t a n d a r d  d e v i a t i o n  o f  t h i s  v a r i a b l e  was 
h ig h  (T a b le  5 ) ,  e s p e c i a l l y  among r o o t s  from th e  w et a r e a s .  T here  a r e  
s e v e r a l  p o s s i b l e  s o u r c e s  o f  v a r i a t i o n  i n  ADH a c t i v i t y .  O th e r  s t u d i e s  
(K e e le y ,  1979; P e d r a z z i n i  and McKee, 1984) have  shown t h a t  ADH 
a c t i v i t y  can  d e c l i n e  a f t e r  p ro lo n g e d  e x p o s u re  t o  w a te r lo g g e d  s o i l  
c o n d i t i o n s  t o  c o n t r o l  l e v e l s .  T h is  r e s p o n s e  p ro b a b ly  r e s u l t s  from  
th e  i n c r e a s e d  a e r a t i o n  o f  r o o t s  form ed u n d e r  a n a e r o b ic  c o n d i t i o n s  
(K e e le y ,  1979; P e d r a z z i n i  and McKee, 1984 ) .  F lo o d in g  i n t e n s i t y  can  
a l s o  a f f e c t  ADH a c t i v i t y .  The ADH a c t i v i t y  o f  S p a r t i n a  a l t e r n i f l o r a  
r o o t s  g row ing  i n  a c o n t r o l l e d  s o i l  s u s p e n s io n s  was i n v e r s e l y  r e l a t e d  
to  red o x  p o t e n t i a l ,  a m easurem ent o f  a n a e r o b ic  i n t e n s i t y  (DeLaune e t
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a l . , 1984 ) .  Thus, d i f f e r e n c e s  i n  th e  l e n g t h  o f  t im e  o f  ex p o su re  to  
f lo o d e d  c o n d i t i o n s  and th e  i n t e n s i t y  o f  a n a e r o b i o s i s  c o u ld  have 
a c c o u n te d  f o r  some o f  t h e  o b se rv ed  v a r i a t i o n  i n  ADH a c t i v i t y .
The Model:
The r o o t  v a r i a b l e s  s e l e c t e d  by th e  s te p w is e  d i s c r i m i n a n t  f u n c t i o n  
(T a b le  3) p roved  to  be e f f e c t i v e  p r e d i c t o r s  o f  s i t e - w e t n e s s .  The 
e f f e c t i v e n e s s  o f  th e  d i s c r i m i n a n t  f u n c t i o n  (T ab le  6) d id  n o t  a p p e a r  
to  c o r re s p o n d  to  d i f f e r e n c e s  i n  th e  pH o r  p e r c e n t  b ase  s a t u r a t i o n  i n  
th e  A h o r iz o n  o f  th e  v a r i o u s  t r a n s e c t s  (T a b le  1 ) ,  two p a ra m e te r s  
w hich  c o u ld  have in f l u e n c e d  r o o t  c o a t i n g  f o r m a t io n .  The a c c u ra c y  o f  
d e t e r m i n a t i o n  was p o o r e s t  a t  th e  Quimby t r a n s e c t  (T a b le  6 ) .  Most of 
t h e  e r r o r s  w ere from  th e  sam p les  ta k e n  a t  p l o t  t h r e e  ( w e t ) :  t h r e e  o f  
th e  e i g h t  sam ples  w ere c l a s s e d  a s  m e s ic .  T h is  p l o t  had q u i t e  a l o t  
o f  m ic ro to p o g ra p h ic  v a r i a t i o n ,  and c o u ld  p e rh a p s  be c l a s s i f i e d  a s  
p a r t l y  m e s ic  and p a r t l y  w e t .
The o v e r a l l  a c c u ra c y  o f  s i t e - w e t n e s s  c l a s s i f i c a t i o n  can l i k e l y  be 
im proved above th e  l e v e l s  p r e s e n t e d  h e r e .  The v a r i a t i o n  i n  r o o t  
c o a t in g  would have been  l e s s  had th e  d e t e r m in a t io n s  o f  r o o t  c o a t in g  
c o n s t i t u e n t s  been  b ased  on a d ry -w e ig h t  r a t h e r  th a n  f r e s h - w e ig h t  
b a s i s .  A ls o ,  th e  f i e l d  and  l a b o r a t o r y  work in v o lv e d  i n  th e  ADH 
sa m p lin g  and a s s a y  i s  i n o r d i n a t e  i n  v iew  o f  t h e  amount of i n f o r m a t io n  
g a in e d  (T a b le  3 ) .  Sam pling t im e  c o u ld  have been  u sed  more 
e f f e c t i v e l y  t o  c o l l e c t  a d d i t i o n a l  r o o t  c o a t in g  sam p le s .
G reen a s h  h a s  s e v e r a l  c h a r a c t e r i s t i c s  w hich make i t  a good s p e c i e s  
f o r  th e  c o l l e c t i o n  o f  th e  ty p e  o f  d a t a  used  i n  t h i s  d i s c r i m i n a n t
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f u n c t i o n .  R h iz o sp h e re  o x i d a t i o n  und er  w a te r lo g g e d  s o i l  c o n d i t i o n s  
a p p e a r s  to  be an  e s s e n t i a l  c r i t e r i o n .  T h is  en h an ces  th e  s e e d l i n g s '  
c h an c es  o f  s u r v i v a l  a t  th e  w e t t e r  end o f  th e  s o i l  m o i s tu r e  g r a d i e n t  
( s e e  C h a p te r  S i x ) ,  and f a v o r s  th e  f o r m a t io n  o f  r o o t  c o a t in g s  
c h a r a c t e r i s t i c  o f  a  red u c e d  s o i l  e n v i ro n m e n t .  I t  sh o u ld  be m entioned  
t h a t  an  i d e n t i c a l  e x p e r im e n t  w i th  w a te r  oak ( Q uercus n i g r a  L . )  
f a i l e d .  T h is  s p e c i e s  a p p a r e n t l y  does  n o t  e f f e c t i v e l y  o x id i z e  i t s  
r h i z o s p h e r e  and i t s  r o o t  c o a t in g  c o m p o s i t io n  does  n o t  re sp o n d  to  
w a te r lo g g in g  a s  d r a m a t i c a l l y  a s  t h a t  o f  g r e e n  a s h  (C h a p te r  S i x ) .  The 
h ig h  m o r t a l i t y  r a t e  o f  oak a t  th e  w e t t e r  p l o t s  p r e c lu d e d  an a d e q u a te  
sam ple from  any t r a n s e c t  ( d a t a  n o t  shown). The s u i t a b i l i t y  of g re e n  
a s h  f o r  t h i s  ty p e  o f  s tu d y  was s u s p e c te d  b e c a u se  o f  i t s  
f l o o d - t o l e r a n c e  (B ro a d fo o t  and W i l l i s t o n ,  1973; Hook and Brown, 1973; 
Hook, 1 9 8 4 ) ,  and i t s  n a t u r a l  o c c u r r a n c e  a s  u n d e r s to r y  and o v e r s to r y  
c o n s t i t u e n t s  on m esic  and w et p l o t s  (T a b le  1 ) .
CONCLUSIONS
T h is  s tu d y  i s  a p p a r e n t l y  t h e  f i r s t  to  i n v e s t i g a t e  th e  p o t e n t i a l  
a p p l i c a t i o n  o f  u s in g  r o o t  c o a t i n g  c h a r a c t e r i s t i c s  and ADH a c t i v i t y  to  
i n d e n t i f y  w a te r lo g g e d  s i t e s .  The method worked w e l l  f o r  most o f  th e  
s i t e s  s t u d i e d .  F u r t h e r  r e f in e m e n t  w i l l  p e rm i t  more p r e c i s e  
p r e d i c t i v e  c a p a b i l i t y .  The main a d v a n ta g e  o f  th e  method i s  t h a t  th e  
f i e l d  work and sam ple p r e p a r a t i o n  f o r  th e  r o o t  c o a t i n g  a n a l y s e s  a r e  
r e l a t i v e l y  e a s y  and in e x p e n s i v e .  However, t h e  c o l l e c t i o n  and
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a n a l y s i s  o f  ADH sam ples  i s  somewhat l e s s  c o n v e n i e n t ,  b u t  i n  t h i s  
s tu d y  th e  r o o t  c o a t i n g  d a t a  a lo n e  would have p ro b a b ly  s e rv e d  a s  an 
a d e q u a te  s e t  o f  p r e d i c t o r  v a r i a b l e s .  The main d i s a d v a n ta g e  i s  t h a t  
th e  method i s  d e p e n d a n t  upon a f a i r l y  f l o o d - t o l e r a n t  s p e c i e s  t h a t  
o x i d i z e s  i t s  r h i z o s p h e r e  u n d e r  re d u c e d  s o i l  c o n d i t i o n s  and i s  known 
t o  s u r v i v e  i n  eac h  o f  th e  ty p e s  o f  s i t e s  one w ish e s  to  c l a s s i f y ,  
e . g . ,  i n  a subcanopy  s i t u a t i o n  s i m i l a r  t o  t h i s  s t u d y ,  some t o l e r a n c e  
t o  u n d e r s to r y  c o n d i t i o n s  i s  a p r e r e q u i s i t e .  However, i t  i s  l i k e l y  
t h a t  many s p e c i e s ,  endem ic o r  t r a n s p l a n t e d ,  woody o r  non-woody, would 
make good c a n d i d a t e s .  The p o s s i b i l i t y  o f  u s in g  m a tu re ,  endem ic 
i n d i v i d u a l s  s h o u ld  be a d d r e s s e d  b e c a u se  th e y  c o u ld  p ro v id e  an 
a b u n d an t  s o u rc e  o f  r e a d i l y  a v a i l a b l e  i n f o r m a t i o n .  The ap p ro a c h  
p r e s e n te d  i n  h i s  p a p e r  m e r i t s  f u r t h e r  s tu d y ,  b e c a u se  i t  c o u ld  p ro v id e  
an  e f f i c i e n t  i n d i c a t o r  o f  BLH " w e t l a n d s " ,  and shed  l i g h t  on 
p l a n t - s o i l  i n t e r a c t i o n s  u n d e r  f lo o d e d  s o i l  c o n d i t i o n s .
page 165
REFERENCES
Al A bbas, H. , and S.A. B a rb e r .  1964. The e f f e c t  o f  r o o t  g row th  and 
mass f lo w  on th e  a v a i l a b i l i t y  o f  s o i l  c a lc iu m  and magnesium to  
soybeans  i n  a g re e n h o u s e  e x p e r im e n t .  S o i l  S c i  97 : 103-107 .
A lc o c k ,  J . E . ,  S. F o r s y t h e ,  E .T .  H e in e n ,  R. H oog land ,  and W.E. Read. 
1984. B lue R ibbon P a n e l  f o r  B o ttom land  Hardwoods, ( p r e p u b l i c a t i o n  
m a n u s c r i p t ) .
A nderson ,  J .W . 1968. E x t r a c t i o n  o f  enzymes and s u b c e l l u l a r  o r g a n e l l e s  
from  p l a n t  t i s s u e s .  Phytochem 7: 1973-1988.
A nderson ,  R .C . ,  A.E. L i b e r t a ,  and L.A . Dickman. 1984. I n t e r a c t i o n  of 
v a s c u l a r  p l a n t s  and v e s i c u l a r - a r b u s c u l a r  m y c o r r h i z a l  f u n g i  a c r o s s  a 
s o i l  m o i s t u r e - n u t r i e n t  g r a d i e n t .  O e c o lo g ia  64: 111-117 .
A rm strong ,  W. 1968. Oxygen d i f f u s i o n  from  th e  r o o t s  o f  woody s p e c i e s .  
P h y s io l  P l a n t  21: 539-543 .
A rm stro n g ,  W. 1972. A r e - e x a m in a t io n  o f  th e  f u n c t i o n a l  s i g n i f i c a n c e  of 
ae renchym a. P h y s io l  P l a n t  27 : 173-177 .
B acha , R . E . , and L .R . H o ss n e r .  1977. C h a r a c t e r i s t i c s  o f  c o a t in g s  
formed on r i c e  r o o t s  a s  a f f e c t d  by i r o n  and manganese a d d i t i o n s .  
S o i l  S c i  Soc Am J  41: 9 3 1 -935 .
B a r b e r ,  S.A. 1984. S o i l  N u t r i e n t  B i o a v a i l a b i l i t y .  Jo h n  W iley  and S ons, 
New York.
B a r b e r ,  S .A . and P.G. Ozanne. 1970. A u to r a d io g r a p h ic  e v id e n c e  f o r  th e  
d i f f e r e n t i a l  e f f e c t  o f  f o u r  p l a n t  s p e c i e s  i n  a l t e r i n g  th e  c a lc iu m  
c o n t e n t  of th e  r h i z o s p h e r e  s o i l .  S o i l  S c i  Soc Amer P ro c  34:
635-637 .
B a r t l e t t ,  R . J .  1961. I r o n  o x i d a t i o n  p ro x im a te  t o  p l a n t  r o o t s .  S o i l  Sci 
92 : 372-379 .
B a r t a ,  A .L. 1984. E th a n o l  s y n t h e s i s  and l o s s  from f lo o d e d  r o o t s  of 
M edicago s a t i v a  L. and L o tu s  c o r n i c u l a t u s  L. P l a n t  
C e l l  Environmemt 7 : 187-191 .
Bowen, G.D. 1973. M in e ra l  N u t r i t i o n  o f  E c to m y c o r rh iz a e .  I n
E c to m y c o r rh iz a e  (G .C. Marks and T .T . K o z lo w sk i ,  e d s )  p 151-205 .
Bowen, H .J .M . 1979. E n v iro n m e n ta l  C h em is try  o f  t h e  E le m e n ts .  Academic 
P r e s s ,  London.
B r o a d f o o t ,  W.M., and H .L. W i l l i s t o n .  1973. F lo o d in g  e f f e c t s  on 
s o u th e r n  f o r e s t s .  J  F o r e s t r y  71 : 584 -587 .
page 166
Chen, C .C . ,  J . B .  D ixon, and F .T .  T u rn e r .  1980. I r o n  c o a t in g s  on r i c e  
r o o t s :  m orphology and m odels  o f  d ev e lo p m en t .  S o i l  S c i  Soc Am J  44: 
1113-1119.
C h irk o v a ,  T . V . , and T.C. Gutman. 1972. The p h y s i o l o g i c a l  r o l e  of 
b ra n c h  l e n t i c e l s  o f  w i l lo w  and p o p la r  u n d e r  c o n d i t i o n s  o f  r o o t  
a n a e r o b i o s i s .  F i z i o l  R a s t  19: 352 -359 .
C o s ta n z a ,  M .C .,  andd A.A. A f i f i .  1979. Com parison o f  s to p p in g  r u l e s  i n  
fo rw a rd  s t e p w is e  d i s c r i m i n a n t  a n a l y s i s .  J  Amer S t a t i s t i c a l  Assoc 
7 4 :7 7 7 -7 8 5 .
C raw fo rd ,  R.M.M ., and M.A. B a in e s .  1977. T o le ra n c e  o f  a n o x ia  and th e  
m e tab o lism  o f  e t h a n o l  i n  t r e e  r o o t s .  New P h y to l  79 : 519-526 .
D a v ie s ,  D.D. 1980. A n a e ro b ic  m e ta b o lism  and th e  p r o d u c t io n  o f  o r g a n ic  
a c i d s ,  Jhi The B io c h e m is t ry  o f  P l a n t s :  A Com prehensive T r e a t i s e  
(P .K . Stumpf and E .E . Conn, e d s )  v o l  2 :  581-611 . Academic P r e s s ,  
I n c . , New York.
DeLaune, R .D . , C . J .  S m ith ,  and M.D. T o l l e y .  1984. The e f f e c t  o f  
s ed im en t  re d o x  p o t e n t i a l  on n i t r o g e n  u p ta k e ,  a n a e r o b ic  r o o t  
r e s p i r a t i o n  and g row th  o f  S p a r t l n a  a l t e r n i f l o r a  L o i s e l .
A q u a t ic  Bot 18: 223-230 .
G a m b re l l ,  R .P . and W.H. P a t r i c k .  1978. Chem ical and m i c r o b i o l o g i c a l  
p r o p e r t i e s  o f  a n a e r o b ic  s o i l s  and s e d im e n ts .  I n  P l a n t  L i f e  i n  
A n ae ro b ic  E n v iro n m en ts  (D.D. Hook and R.M.M. C raw fo rd ,  e d s )  p .  
3 7 5 -423 .  Ann A rbor S c i .  P u b . ,  I n c . ,  Ann A rb o r ,  M ich. 564 p .
Godo, G .H . , and H.M. R e i s e n a u e r .  1980. P l a n t  e f f e c t s  on s o i l  manganese 
a v a i l a b i l i t y .  S o i l  S c i  Soc Am J  44: 993—995.
G o s s e l i n k ,  J . G . , S .E .  B a y le y ,  W.H. C onner,  and R .E . T u rn e r .  1981. 
E c o l o g ic a l  f a c t o r s  i n  th e  d e t e r m i n a t i o n  o f  r i p a r i a n  w e tla n d  
b o u n d a r i e s .  I n  W etlan d s  o f  B ottom land  Hardwood F o r e s t s  ( J .R .
C la r k  and J .  B e n fo ra d o ,  e d s )  p 197-219 . E l s e v i e r  S c i .  P u b l .  C o . ,  
Amsterdam. 401 p .
G reen ,  M.S. and J . R .  E t h e r i n g t o n .  1977. O x id a t io n  o f  f e r r o u s  i r o n  by 
r i c e  ( O ryza s a t i v a  L . )  r o o t s :  a  mechanism f o r  w a te r lo g g in g  
t o l e r a n c e ?  J  Exp Bot 28 : 6 7 8 -690 .
G reen ,  P .E .  1978. A n a ly z in g  M u l t i v a r i a t e  D a ta .  The Dryden P r e s s ,  
H in s d a l e ,  1 1 1 . 519 p .
Hook, D.D. 1984. W a te r lo g g in g  t o l e r a n c e  o f  low land  t r e e  s p e c i e s  o f  th e  
S o u th .  S o u th e rn  J  Appl F o r  8 : 136-149 .
page 167
Hook, D.D*, and C .L . Brown. 1973. Root a d a p t a t i o n s  and r e l a t i v e  f lo o d  
t o l e r a n c e  o f  f i v e  hardwood s p e c i e s .  F o r e s t  S c i  19: 225-229 .
Hook, D .D . , C .L . Brown, P .P .  K orm anik . 1971. I n d u c t i v e  f lo o d  t o l e r a n c e  
i n  swamp tu p e lo  (N yssa s y l v a t i c a  v a r .  b i f l o r a  ( W a l t . )
S a r g . )  J  Expt Bot 22: 7 8 -8 9 .
Hook, D .D . , O.G. Langdon, J .  S tu b b s ,  and C.L. Brown. 1970. E f f e c t  of 
w a te r  reg im es  on th e  s u r v i v a l ,  g ro w th ,  and m orphology o f  tu p e lo  
s e e d l i n g .  F o r e s t  S c i  16: 304-311 .
Hook, D .D .,  and J . R .  S c h o l t e n s .  1978. A d a p ta t io n s  and f lo o d  t o l e r a n c e  
o f  t r e e  s p e c i e s .  I n  P l a n t  L i f e  i n  A n aero b ic  E nv ironm en ts  (D.D.
Hook and R.M.M. C raw fo rd ,  e d s )  p 200-331 . Ann A rbor S c ie n c e ,  Ann 
A rbor 564 p .
J a c k s o n ,  M .B .,  B. Herman, and A. Goodenough. 1982. An e x a m in a t io n  of 
th e  im p o r ta n c e  o f  e t h a n o l  i n  c a u s in g  i n j u r y  t o  f lo o d e d  p l a n t s .
P l a n t  C e l l  E nv ironm ent 5 : 163-172 .
J a c k s o n ,  M.L. 1958. S o i l  Chem ical A n a ly s i s .  P r e n t i c e  H a l l ,  I n c .  
M adison , W is.
J o h n ,  C.D. and H. Greenway. 1976. A lc o h o l ic  f e r m e n t a t i o n  and a c t i v i t y  
o f  some enzymes i n  r i c e  r o o t s  un d er  a n a e r o b i o s i s .  Aust J  P l a n t  
P h y s io l  3 :  325-336 .
K e n d a l l ,  M.G. and A .S . S t u a r t .  1968. The Advanced T heory  of 
S t a t i s t i c s .  (2nd ed )  C h a r l e s  G r i f f e n  and C o . ,  L td .  v o l  3 .
K e e le y ,  J .  1979. P o p u la t io n  d i f f e r e n t i a t i o n  a lo n g  a  f lo o d  f r e q u e n c y  
g r a d i e n t :  p h y s i o l o g i c a l  a d a p t a t i o n s  t o  f l o o d i n g  i n  N yssa 
s y l v a t i c a . E co l  Monogr 49 :  8 9 -1 0 8 .
K h a l i d ,  R . A . , W.H. P a t r i c k ,  J r . ,  and R.D. DeLaune. 1977. Phosphorus  
s o r p t i o n  c h a r a c t e r i s t i c s  o f  f lo o d e d  s o i l s .  S o i l  S c i  Soc J  41 : 
305-310 .
L ac h en b ru ch ,  P .A . and M.R. M ickey . 1968. E s t i m a t io n  o f  e r r o r  r a t e s  i n  
d i s c r i m i n a n t  a n a l y s i s .  T e c h n o m e tr ic s  10: 1 -11 .
M a h a p a tra ,  I . C . , and W.H. P a t r i c k ,  J r .  1969. I n o r g a n ic  p h o s p h a te  
t r a n s f o r m a t i o n s  i n  w a te r lo g g e d  s o i l s .  S o i l  S c i  107: 281-288 .
McManmon, M. and R.M.M. C raw fo rd .  1971. M e ta b o l ic  th e o ry  o f  f l o o d i n g  
t o l e r a n c e :  t h e  s i g n i f i c a n c e  o f  enzyme d i s t r i b u t i o n  and b e h a v io r .
New P h y to l  70 : 299 -306 .
M ende lssohn ,  I .A .  and M.T. P o s te k .  1982. E le m e n ta l  a n a l y s i s  o f
d e p o s i t s  on th e  r o o t s  o f  S p a r t i n a  a l t e r n i f l o r a  L o i s e l .  Amer J  Bot 
69: 904 -912 .
page 168
O l i v e r ,  S . ,  and S.A. B a rb e r .  1966. An e v a l u a t i o n  o f  th e  mechanisms 
g o v e rn in g  th e  s u p p ly  o f  Ca, Mg, K, and Na to  soybean  r o o t s  
( G ly c in e  max) .  S o i l  S c i  Soc Amer P roc  30: 82 -8 6 .
P a t r i c k ,  W .H ., J r . , S. G o toh , and B.G. W i l l ia m s .  1973. S t r e n g i t e
d i s s o l u t i o n  i n  f lo o d e d  s o i l s  and s e d im e n ts .  S c ie n c e .  179: 564-565 .
P a t r i c k ,  W .H ., J r .  1977. Oxygen c o n t e n t  of s o i l  a i r  by a f i e l d  m ethod. 
S o i l  S c i  Soc Amer P roc  41 :  651-652 .
P e d r a z z i n i ,  F . R . , and K .L . McKee. 1984. E f f e c t  o f  f l o o d i n g  on
a c t i v i t i e s  o f  s o i l  d e h y d ro g e n a se s  and a l c o h o l  dehyd ro g en ase  i n  r i c e  
( Oryza s a t i v a  L . )  r o o t s .  S o i l  S c i  P l a n t  N u tr  30 : 359-366 .
P e r e i r a ,  J .  S . ,  and T .T . K o z lo w sk i .  1977. V a r i a t i o n s  among woody 
an g io sp e rm s  i n  r e s p o n s e  t o  f l o o d i n g .  P h y s io l  P l a n t  41 : 184-192.
Ponnamperuma, F .N . 1964. Dynamic a s p e c t s  o f  f lo o d e d  s o i l s  and th e  
n u t r i t i o n  o f  th e  r i c e  p l a n t .  I n  The M in e ra l  N u t r i t i o n  of th e  
R ic e  P l a n t .  p295 -3 2 8 . Jo h n s  H opkins P r e s s ,  B a l t im o r e ,  Md.494 p .
Ponnamperuma, F . N . , E. M a r t i n e z ,  and T. Loy. 1966. I n f l u e n c e  o f  redox  
p o t e n t i a l  and p a r t i a l  p r e s s u r e  o f  ca rd o n  d io x id e  on pH v a l u e s  and 
th e  s u s p e n s io n  e f f e c t  o f  f lo o d e d  s o i l s .  S o i l  Sc i 101: 421-431 .
P o s te k ,  M .T . , K .S .  Howard, A.H. J o h n so n ,  and K .L . McM ichael. 1980. 
Scann ing  E l e c t r o n  M icroscopy  -  A S t u d e n t ' s  Handbook. Ladd R e se a rc h  
I n d u s t r i e s ,  B u r l i n g t o n ,  V t.
P r i t c h a r d ,  M.W., J .  L ee ,  J .  D unlop , and J .R .  S e d c o le .  1984. E f f e c t s  of 
aluminum and m i c r o - n u t r i e n t s  on th e  s o r p t i o n  o f  p hosphorus  by 
T r i f o l iu m  re p e n s  L. c v .  'G r a s s l a n d s  H u ia '  from  n u t r i e n t  
s o l u t i o n s  d u r in g  p l a n t  in d u c e d  pH c h a n g e s .  P l a n t  and S o i l  81 : 
389-402 .
R ead, D . J . ,  and W. A rm strong .  1972. A r e l a t i o n s h i p  betw een oxygen 
t r a n s p o r t  and th e  f o r m a t io n  o f  e c t o t r o p h i c  m y c o r rh iz a l  s h e a th  i n  
c o n i f e r  s e e d l i n g s .  New P h y to l  71 : 4 9 -5 3 .
R i l e y ,  D . , and S.A. B a rb e r .  1971. E f f e c t  o f  ammonium and n i t r a t e
f e r t i l i z a t i o n  on p h o sphorous  u p ta k e  a s  r e l a t e d  t o  r o o t  induced  pH 
changes a t  t h e  r o o t - s o i l  i n t e r f a c e .  S o i l  S c i  Soc Amer P roc 35: 
301-306 .
R o b e r t s ,  J .K .M . , J .  C a l l i s ,  0 .  J a r d e t z k y ,  V. W alb o t,  and M. F r e e l i n g .  
1984. C y to p la sm ic  a c i d o s i s  a s  a d e te r m in a n t  o f  f l o o d i n g  i n t o l e r a n c e  
i n  p l a n t s .  P ro c  N a t l  Acad S c i  U .S .A . 81: 6029-6033.
page 169
R o b e r t s o n ,  P .A . ,  G .T. W eaver, and J .  A. Cavanaugh. 1978. V e g e ta t io n  
and t r e e  s p e c i e s  p a t t e r n s  n e a r  th e  n o r t h e r n  te rm in u s  o f  th e  
s o u th e r n  f l o o d p l a i n  f o r e s t .  E co l Monogr 48 : 249-267 .
Rumpho, M .E . , and R.A. K ennedy. 1981. A n ae ro b ic  m e ta b o li s m  in  
g e r m in a t in g  s e e d s  o f  E c h in ic h lo a  c r u s - g a l l i  ( b a rn y a rd  
g r a s s ) .  P l a n t  Phys 68: 165-168 .
SAS I n s t i t u t e  I n c .  1982. SAS U s e r ' s  G u ide : S t a t i s t i c s .  SAS I n s t ,  I n c . ,  
C a ry ,  N»C.
Sena Gomes, A. R . , and T. T. K o z lo w sk i .  1980. Growth r e s p o n s e s  and 
a d a p t a t i o n s  o f  F r a x in u s  p e n n s y lv a n ic a  s e e d l i n g s  to  
f l o o d i n g .  P l a n t  P h y s io l  66 : 2 6 7 -271 .
Sim s, J . L . ,  and W.H. P a t r i c k ,  J r .  1978. The d i s t r i b u t i o n  o f
m i c r o n u t r i e n t  c a t i o n s  i n  s o i l  u n d e r  c o n d i t i o n s  o f  v a r y in g  red o x  
p o t e n t i a l  and pH. S o i l  S c i  Soc Amer J  42 : 258-262 .
Sm ith ,  A .M ., and T. ap R ees .  1979. Pathw ays o f  c a r b o h y d r a t e
f e r m e n t a t i o n  i n  th e  r o o t s  o f  m arsh  p l a n t s .  P l a n t a .  146: 327-334 .
S o k a l ,  R . P . , and F . J .  R o h l f .  1981. The j a c k k n i f e .  In B io m e try .
(2nd ed )  p 795-799 . W.H. Freeman and C o . ,  San F r a n c i s c o .
S r i v a s t a v a ,  M .S . ,  and E.M. C a r t e r .  1983. C l a s s i f i c a t i o n  and 
d i s c r i m i n a t i o n .  I n  An I n t r o u c t i o n  to  A p p lie d  M u l t i v a r i a t e  
S t a t i s t i c s ,  p 231 -256 . E l s e v i e r  S c i .  P u b l .  C o . ,  Amsterdam. 394 p .
T a y lo r ,  G . J . ,  A.A. Crow der, and R. Rodden. 1984. F o rm a t io n  and 
m orphology o f  an  i r o n  p la q u e  on t h e  r o o t s  o f  Typha l a t i f o l i a  L. 
grown i n  s o l u t i o n  c u l t u r e .  Amer J  Bot 71: 6 6 6 -675 .
T r i p e p i ,  R . R . , and C.A. M i t c h e l l .  1984. Stem h y p o x ia  and r o o t
r e s p i r a t i o n  o f  f lo o d e d  m aple and b i r c h  s e e d l i n g s .  P h y s io l  P l a n t  60 : 
567-571 .
Tukey, J.W . 1949. Dyadic a n o v a ,  an  a n a l y s i s  o f  v a r i a n c e  f o r  v e c t o r s .  
Human Bio 21: 6 5 -110 .
W alk e r ,  J . M . , and S.A. B a rb e r .  1962. U ptake o f  ru b id iu m  and p o ta s s iu m  
from  s o i l  by c o rn  r o o t s .  P l a n t  S o i l  17: 2 4 3 -259 .
VITA
B i l l y  John  Good was b o rn  16 O c to b e r ,  1953 i n  F a y e t t e v i l l e ,  
A rk a n s a s .  He a t t e n d e d  h ig h  s c h o o l  i n  New O r le a n s  b e f o r e  e n r o l l i n g  a t  
L o u i s i a n a  S t a t e  U n i v e r s i t y  i n  th e  f a l l  o f  1971. He r e c e iv e d  th e
d e g re e  o f  B a c h e lo r  o f  S c ie n c e  i n  F o r e s t r y  and W i l d l i f e  Management i n
th e  S p r in g  o f  1976. He r e c e i v e d  th e  M a s te r  o f  S c ie n c e  i n  Botany a t  
L o u i s i a n a  S t a t e  U n i v e r s i t y  i n  t h e  s p r i n g  o f  1981, and i s  p r e s e n t l y  a 
c a n d i d a t e  f o r  th e  d o c t o r a t e  o f  M arine  S c ie n c e s .
He h as  been  awarded a R o c k e f e l l e r  S c h o l a r s h i p ,  t h e  L ip se y  M emorial 
M arine  S c ie n c e  S tu d e n t  o f  th e  Y ear Award, and i s  th e  r e c i p i e n t  o f  a
F u l b r i g h t  S c h o la r s h ip  f o r  a y e a r  o f  s tu d y  a t  S t .  Andrews, S c o t l a n d ,
w i th  P r o f e s s o r  R. M. M. C raw fo rd .
H is  perm anen t a d d r e s s  i s  295 P a rk  D r iv e ,  P a l a t i n e ,  I l l i n o i s ,  z i p  
code 60067.
page 170
DOCTORAL EXAMINATION AND DISSERTATION REPORT
Candidate:
Major Field:
Billy J. Good 
Marine Sciences
Title of Dissertation: Effect of Anaerobic Root Environments on
Fraxinus pennsylvanica Marsh, and Quercus 
nigra L.
Approved:
Major Professor and Chairman
Dean of the Graduate Sci
EXAMINING COMMITTEE:
Date of Examination:
September 4, 1985
it jliM— ^
A
